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ABSTRACT
Using Silkworms as a Host to Spin Spider Silk-Like Fibers
by
Xiaoli Zhang, Doctor of Philosophy
Utah State University, 2017

Major Professor: Dr. Randolph V. Lewis
Department: Biology
The unique combination of strength and elasticity makes spider silk one of the
toughest materials and leads to potential applications world-wide. The territorial nature of
spiders makes it impossible to produce native spider silk fibers in large amounts.
Fortunately, the domestic silkworm has a natural spinning mechanism similar to the spider.
This means that there is great potential for using silkworms as a platform to naturally spin
a spider-silk fiber with improved mechanical performance. The traditional way to create
transgenic silkworms leads to random integration of transposon-based piggyBac system
limiting the incorporation of spider silk protein in the compositions of chimeric
silkworm/spider fiber and blocking improvements in the mechanical properties of
transgenic spider silk-like fiber. In the heavy chain non-homologous end joining (HCNHEJ) project, a new method was explored to make transgenic silkworms transformed
with a large spider silk-like gene (about 10kb) by using an optimized CRISPR/cas9 system.
The new gene can be inserted into the fibroin heavy chain (fhc) gene at a precise location
through non-homologous end joining. The expression of this spider silk-like gene was
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driven by the endogenous fhc enhancer and promoter to ensure genetic stability. The ratio
of spider silk-like protein in the transgenic silkworm/ spider silk fiber was doubled
compared to previous reports and the mechanical performance is substantially better than
those based on the conventional transposon-based piggyBac system. This is the first report
of a transformed silkworm created through CRISPR/cas9 guided non-homologous end
joining and demonstrates the ability to incorporate a very large gene using this system. In
the light-chain non-homologous end joining (LC-NHEJ) project, the synthetic major
ampullate spider silk gene (MaSp1, 6 kb) has been successfully inserted at a defined locus
in the fibroin light chain of silkworm by using the same protocol as described in the HCNHEJ project. The transgenic silkworm/spider silk fibers have outstanding mechanical
properties appealing to some native spider silk fibers. In the light chain homologous
recombination (LC-HR) project, an enhanced green fluorescence protein (eGFP) has been
incorporated into the fibroin light chain of silkworms through CRISPR/Cas9 guided
homologous recombination. The transgenic silkworm fibers can emit green fluorescence
without improved mechanical properties due to the lack of spider silk protein.
These studies use the latest genome editing technology to create transgenic
silkworms and paves the way to produce spider silk-like fibers using silkworms as the host.
Additionally, the protocols to create transgenic silkworms demonstrate new approaches to
produce different types of exogenous proteins other than spider silk-like proteins in
silkworms.
(149 Pages)
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PUBLIC ABSTRACT
Using Silkworms as a Host to Spin Spider Silk-Like Fibers
Xiaoli Zhang
Using silkworms as the potential host to spin spider silk-like fibers is an area of intense
research world-wide. The conventional methods used to create transgenic silkworms hosting spider
silk-like gene limits the incorporation of spider silk-like protein and do not improve the mechanical
performance of the composite silkworm/spider silk fibers. In this dissertation, synthetic spider
ampullate genes were incorporated into the precise site of the fibroin heavy chain or light chain
using the latest genome editing technology CRISPR/cas9 guided non-homologous end joining as
opposed to conventional random integration using transposon-based piggyBac system. These
protocols, with extensive applicability to other silkworm researches, improved the content of spider
silk-like protein in the transgenic silkworm/spider silk fibers, increases genetic stability in offspring,
and improves the mechanical performance of the transgenic fibers compared to traditional methods.
In addition, an enhanced green fluorescence protein (eGFP) was successfully incorporated into the
fibroin light chain of silkworms using CRISPR/Cas9 initiated homologous recombination. The
transgenic silkworm/spider fibers emitted strong green fluorescence under excitation. These results
demonstrate that the we successfully developed a protocol to make silkworm as a host to spin spider
silk-like fibers.
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CHAPTER 1
INTRODUCTION

1.1

The unique mechanical properties of spider silk
Different spider silks exhibit a great variation in mechanical properties so they can

be used for specific purposes. The webs of orb weaving spiders (Araneidae) have been
historically employed by humans for applications such as fishing nets and wound coverage,
due to their outstanding mechanical properties (Table 1-1). Many spiders produce up to
seven different kinds of silk fibers for various functions, each of which has a particular task
(Figure 1-1 and Table 1-2). Despite their different properties, the primary structures of all
described spider silk proteins (spidroins) whose amino acid (aa) sequences have been at
least partially deduced according to cDNA’s are strikingly similar1,2,3,4,5,6. They all share
a large central core of repeated modular units, approximately 90% of the amino acids of
the protein7. The large central core is flanked by non-repetitive domains (Figure 1-2a) 7.
These non-repetitive terminal domains have small N- and C-terminal protein
sequences(~300aa and ~200aa, respectively), which are highly conserved throughout
different spider species and silk types 8,9,10. The terminal domains play a key role in spidroin
storage, fiber formation and the complex assembly of the spidroins 7,11,12. The glands are
called by their Latin names, which are again referred when associated with the type of silk
they produce13. The much larger structural protein segment is comprised of repetitive
protein elements, which are capped by the small non-repetitive terminal domains, thus
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repeats in large numbers compose the bulk of the protein 15,16. The sequence of the repetitive
protein elements is responsible for the individual mechanical functions of the different silk
types2,3. They usually consists of modular units of 40-200 amino acids6. The modular units
are formed from a subset of the sequence motifs (Ala), (GlyAla)n, GlyGlyX and
GlyProGlyXX, with X representing a variable amino acid in major ampullate, minor
ampullate and flagelliform silk, respectively (Figure 1- 2b)7. It is the sequential order and
the number of these motifs in each module that determines the mechanical properties of
each specialized fiber.
Over the last two decades, thorough investigations have been made in the study of
the individual motif structures and their contribution to the mechanical properties of the
final fibers7. Using different NMR techniques and X-ray diffraction, it has been shown that
the polyalanine and GA motifs form defined nanosized crystals (2×5×7 nm) based on
tightly packed anti-parallel β-sheets

17,18,19,20,21,22,23.

Strong non-covalent cross-links most

likely happened through the polyalanine stretches from different silk molecules
interactions7. Recent NMR studies have shown evidence that GlyGlyX motifs in dragline
silk form Gly II helices, as well as less ordered helical structures 22,24,25,26.The structure of
the GlyProGlyXX motif from MaSp2 forms β-turns and then yield a spiral structure
suggesting an elastic function (Figure 1-2c)7,27. Solid-state NMR has shown that the proline
content has a significant influence on the mobility of the protein backbone and amino acid
side chains when the silk fibers were exposed to water (Figure 1-3) 28.
It is combinations of the highly repetitive primary amino acid sequences, their
solution properties, and their assembly and spinning process that makes spider silk fibers
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with the remarkable mechanical properties7. The artificial spider fibers spun from
reconstituted spidroins have relatively weak mechanical properties compared to fibers spun
by spiders29. As shown in Figure 1-3a, there are four parts of the spider spinning apparatus:
the tail, the ampulla or sac, the S-shaped duct, and the taper7. The spidroins are secreted
from specialized cells in the tail and then stored in the silk gland cavity7. During this
process, most “normal” proteins tend to aggregate irreversibly under the remarkably high
protein concentration 50%(w/v)17,30. Nonspecific aggregation of the spider silk proteins is
prevented through forming micellar-like structures controlled by the amphiphilicity and the
non-repetitive termini (Figure 1-4b) 11, 12,31,32,33. The “spinning dope” composed of the
spidroins still has the liquid crystalline properties in the ampulla 7,33,34. In the third part of
the spinning apparatus, β-sheet crystals are formed due to the increased shear forces along
the duct and chemical changes7. Spider fibers are finally formed through the duct after a
series of stretches and elongations (Figure 1-4b)35,36.
Table 1-1 Comparisons of mechanical properties of spider silk 14
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Table 1-2 Spider silks and their uses14

Figure 1-1 The silk glands and threads of Araneus diadenatus

6

b-sheet

Figure 1-2 The hierarchical setup of spider silk proteins 7 (a) Illustration of a spidroin
composed of up to 100 repetitive modules (blue) and two terminal domains (red and green).
The components are not draw to scale. (b) The repetitive modules of the most prominent
silk types compose a distinct subset of amino acid motifs. (c) Each motif is thought to fulfill
a distinct structural role and contributes to the mechanical properties of the final fiber.

Figure 1-3 Solid State NMR of dragline silk dries (solid line) and hydrated (dotted line)
showing amino acid residues. Spinning sidebands labeled ssb 28

7

Figure 1-4 The natural spinning process7,37 (a) Illustration of a spider’s spinning gland
divided into four parts. (b) Schematic model of the silk fiber assembly mechanism
occurring along the spinning apparatus.

1.2

Synthetic spider silk genes
Major ampullate spidroin 1 (MaSp1) and major ampullate spidroin 2 (MaSp2) are

two key elements in the constitution of spider dragline silk also called major ampullate
silk38. Different species of orb-weaving spiders have a large variation in the ratio of these
two proteins39. Minor ampullate silk is also composed of two proteins; called minor
ampullate spidroin 1 (MiSp1) and minor ampullate spidrion 2 (MiSp2) 40. Based on the
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gene sequences of these spider silk proteins, a series of synthetic spider silk genes have
been used to produce spider silk proteins in heterologous systems. In the heterologous
spidroin production systems, the GC rich regions in the DNA/RNA of the spider silk
protein genes cause several problems due to the limited amino acids and their codons
(Figure 1-5). First, translational pauses are common for these messages 41. Second, a large
tRNA pool specially designed for Gly–Ala-rich messages is needed due to the high alanine
and glycine content of the proteins 42. Last, the high GC nature in the gene sequences of
the spider silk proteins can lead to recombination of cloned cDNA and the genes may have
secondary-structure problems14. To overcome these problems, scientists have attempted to
express spider silk proteins from optimized synthetic genes. By careful selection of the
codons, the problems of secondary structure have mostly been avoided, and the host’s
tRNA pools can then accommodate the codon balance42. Using the ‘condensation’ strategy
and the ‘iterative polymerization’ strategy, synthetic DNA coding for a monomer repeat
unit is cloned, and large amounts of monomer DNA are produced 14. In the condensation
strategy, a large amount of the monomer DNAs are produced by biosynthesis, and then
form multimers by ligations14. In the iterative polymerization strategy, multimers can be
produced by the use of compatible, non-regenerable restriction enzymes 43,44. After
introducing the monomer into a plasmid, the synthetic genes are constructed using
successive restriction digestions and ligations29.

9

Figure 1-5 Consensus amino acid repeats for sequenced silks 14 MiSp1 and MiSp2 are the
two proteins comprising minor ampullate silk. Flag is the flagelliform silk protein.

1.3

From sequence to protein
The combination of high strength, toughness, and light weight makes spider silks

attractive for high-performance fibers, composite materials applications 45. Spiders cannot
live in groups, so a wide range of heterologous host systems, including bacteria 46, yeast47,
mammalian cell lines48, transgenic plants49,50, animals45,48,51, and insects

52,53,54,55

, have

been investigated as platforms for producing spider silk proteins (Table 1-3 and Figure 16) . Taking advantage of the relative ease of gene manipulation, metabolic engineering, and
cost effectiveness of fermentations, bacteria and yeast have been widely investigated as
host systems for producing spider silk proteins46,47. In a recent case, a 284.9 kDa
recombinant protein of the spider Nephila clavipes was produced by increasing the
tRNAGly pool through systematic metabolic engineering of the host strain 56. Although
Escherichia coli is most commonly used as a host for the production of spider silk proteins,
the success is still limited due to the low production rate and instability of the spider silk
gene under some conditions.46,56. During the propagation of recombinant E. coli harboring
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the spider silk gene, DNA deletions were often observed, as well as transcription and
translational errors because of the highly repetitive amino acid sequence of the spider silk
gene. Given the potential for low-cost recovery by secreting various proteins into
extracellular medium, Pichia pastoris was also investigated as a host for the production of
heterogonous proteins57. It has the ability to express longer proteins through stable
transformants and without size heterogeneity caused by premature termination of
synthesis57. Fahnestock and Bedzyk reported that a 65 kDa recombinant spider silk protein
was produced and secreted into the extracellular medium by using P. Pastoris as a host46
but little has been reported since then with this system.
Alternative host systems have been used in recent years48. A range of 60–140 kDa
soluble recombinant dragline silk proteins were expressed in bovine mammary epithelial
alveolar cells (MAC-T) and baby hamster kidney cells (BHK) 48. The production of
recombinant dragline silk proteins in transgenic plants has the possibility for low-cost,
large-scale production50. Transgenic tobacco and potato plants were demonstrated to
produce recombinant spider silk proteins encoding 420-3,600 base pairs with >90%
homologies49. Spider silk proteins up to 100 kDa, to a level of at least 2% of total soluble
protein, could be detected in the endoplasmic reticulum (ER) of tobacco and potato leaves
and potato tubers49. It indicates that it is possible to obtain recombinant spider silk proteins
in large quantities49. The heat stability of the recombinant spidroins produced in plants
makes them can be easily purified by a simple and efficient procedure 49.
In addition, recombinant spider silk protein can also be efficiently expressed in
transgenic mice milk and stably transmitted to the offspring51. A maximum concentration
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of recombinant dragline silk protein was 11.7 mg/L in the transgenic mice milk 51.
Transgenic goats, obtained by splicing the spider silk genes into the mammary cells of a
breed of early lactating goats, can effectively secrete recombinant spider silk proteins
through the mammary gland59. The spidroins can then be extracted from the milk and
woven into threads or other forms60. Although some progress in using various
heterogeneous host systems to produce recombinant spider silk protein has been made,
further studies still are needed to overcome limitations such as low concentration, high cost,
and low efficiency to produce recombinant spider silk proteins in a large scale using
transgenic plants and animals.
Table 1-3 Production of recombinant spider silk proteins in various hosts 58
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Figure 1-6 Brief history of recombinant spider silk protein production 58 (a) production of
synthetic spider dragline silk protein in Pichia pastoris in 1996, (b) synthetic spider
dragline silk protein and their production in Escherichia coli in 1997, (c) production of
spider silk protein in tobacco and potato in 2001, (d) spider silk fibers spun from soluble
recombinant silk produced in mammalian cells in 2002, (e) expression of EGFP-spider
dragline silk fusion protein in BmN cells and larvae of silkworm, which showed the
solubility is primary limitation for the yield of spider silk protein in 2007, (f) construct
synthetic gene encoding artificial spider dragline silk protein and its expression in the milk
of transgenic mice in 2007, (g) transgenic silkworms (Bombyx mori.) producing
recombinant spider dragline silk in cocoons in 2009, (h) engineering the Salmonella type
III secretion system to export spider silk monomers in 2009, (i) native-sized recombinant
spider silk protein produced for the first time in metabolically engineered E. coli resulting
in a Kevlar-strength fiber in 2010, and (j) transgenic silkworms transformed with chimeric
silkworm-spider silk genes producing composite silk fibers with improved mechanical
properties in 2012. The organization of the important motifs in spider silk proteins (k) are
modified form Hayashi et al. and Teule et al. The colored-squares indicate the modules
contained in each silk protein. The proteins are: MaSp1 and MaSp2, major ampullate
spidroin 1 and 2 from Nephila clavipes; ADF-1, ADF-2, and ADF-3, minor ampullate,
putative syndical and major ampullate, respectively, from Araneus diademadu.

1.4

From protein to structure
It is critical that production techniques are developed to generate the recombinant

fibers with at least equal quantity and mechanical properties to the native fibers. The
traditional fiber spinning techniques including solvent extrusion, electro-spinning and
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microfluidic approaches are used to produce recombinant spider fibers 61. Figure 1-7 shows
the advantages and limitations for three different systems used in fiber formation 61. The
accumulation of metal elements in the cuticles of insects enhances the stiffness and
toughness of the exoskeleton structure62. The same efforts have also been made to improve
the mechanical properties of recombinant spider silk proteins by intentionally infiltrating
metals into inner protein structures of biomaterials63. , The mechanical properties of the
protein were also improved after the introduction of disulfide formation in the repetitive
domain of spidroins64. The spider silk protein was produced without aggregation, and the
stiffness and tensile strength of the resulting fibers increased owing to the covalent
interactions between non-repetitive C-terminal domains 64. The replacement of the Cys with
a Ser can cause reduction of the thermal stability of artificial fibers, but there was no change
in the protein dimerization, fiber morphology or tensile strength 64. Post spin stretches and
treatments can increase the mechanical properties of the artificial spider fibers 65.
Table 1-4 Composition of silk (Bombyx mori)66
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Figure 1-7 Schematic representation of current silk fiber-forming techniques 62 (a) Solvent
extrusion is performed by drawing the fiber through a coagulation bath in a controlled
manner. Microfluidic devices use a contracting channel and multiple solvent inputs to
regulate the geometry and chemistry of the resulting fiber. Electrospinning processes
combine strong voltage gradients and syringe pump extrusion and result in either random
or aligned fiber deposition. (b) Characteristics of the different fiber-forming processes. To
date, electrospinning has proved to be the most useful approach, mainly because of the low
amounts of spider silk materials needed and the utility of the resulting electrospun fiber
mats for cell- and tissue culture studies.

1.5

Fine organization of Bombyx mori fibroin
Silkworms (Bombyx mori) skillfully spin a twin thread of silk fibroin coated by

sericin for their cocoon (Table 1-4)66. The sericin layer can be removed by hot water for
degumming66. The fibroin is assembled in the posterior silk gland (PSG)70, 71 by three types
of fibroin protein (H-chain, L-chain and P25) in a molar ratio of 6:6:1, with molecular
weights of Heavy (H)-chain: 350 kDa67,68, Light (L)-chain: 26 kDa69, and Glycoprotein
P25: 30 kDa. The complex is retained in the endoplasmic reticulum in the absence of a
disulfide linkage between the H and L-chains, indicating the disulfide linkage between
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Cys-172 of the L-chain and Cys-20 of the H-chain is essential for the production of
fibers72,73. P25 is central for maintaining the H-L complex elementary unit by hydrophobic
interactions72. The heavy chain gene (H-chain) is made up of one intron and two exons
encoding both crystalline and non-crystalline protein domains that result in a hierarchically
organized polypeptide composed of 5263 amino acids (Figure 1-8) 74. Exon 1 has a 25bp
untranslated domain and 42bp coding region74. It is separated from Exon 2 by the intron
which contains a truncated sequence and multiple octamer-like AT-rich fibroin-modulators
for transcriptional regulation68,74. The central repetitive region of Exon 2 is organized into
12 repetitive subdomains (R01-R12)68,74. These repetitive subdomains are separated by 11
amorphous subdomains (A01-A11) (Figure1-8)74. Additionally, two different types of nonrepetitive boundary or spacer units are located at the end of Exon 2 74.
Figure 1-9 shows a schematic of the spinning duct of the silkworm, which is similar
to the spider-spinning duct75. First, silkworm fibroin proteins are synthesized at the
epithelial wall of the posterior segment and secreted into silk-gland cavity75. Second, the
concentration of fibroin protein increases and aggregates into micelle-like particles (100–
200 nm in diameter), these further form globules with a size of 0.8 to 15 μ m diameter 76,77.
Third, the globules are oriented and stretched through the shearing or elongation phase in
the narrow duct77. Under the shear stress and dehydration conditions, crystallization of
certain protein regions in B. mori silk occurs78,77. During the whole spinning process, the
water content decreases from 88% to 70% from the posterior region to the anterior region
in the gland78.
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Figure 1-8 The repeating sequence structure of silks spun by B. Mori is hierarchically
organized74 The diagram illustrates the two-exon, one-intron repetitive makeup of the B.
Mori silk gene. Exon 2 illustrates the integrated and repetitive crystalline, non-crystalline,
and border domains of the gene. It also shows that repeating arrays are variable in size.

Figure 1-9 Illustration of a silkworm’s duct spinning77
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Figure 1-10 The current genome engineering technologies allow scientists to introduce
double stranded breaks (DSB) at specific sequences. The double stranded breaks can be
repaired through non-homologous end joining or homologous recombination 121
Table 1-5 Comparison of TALEN- and CRISPR/Cas9-mediated genomic modifications--principles and applications98
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Table 1-6 Recent progresses in genome engineering techniques in the silkworm

1.6

Transgenic silkworms for spinning recombinant spider silk fibers
Silkworms, as a platform for producing recombinant spider silk proteins, are not

only able to produce the extrinsic protein in large amounts, but also can spin the silk fibers
naturally52,53,54,55. The efficient production of recombinant spider silk might be obtained
through replacing the silkworm gene with a spider silk gene. A recently developed Bombyx
mori nuclear polyhedrosis virus (BmNPV)/Bac-to-Bac baculovirus expression system
could be constructed in 7-10 days. Using this system, a 37 kDa recombinant spider
flagelliform protein was expressed in the BmN cell line and in the hemolymph of B. mori
worms by subcutaneous injection at the first-day larvae of the fifth instar52. The worms
presented symptoms typical of NPV infection for 72 hours after the injection, and
hemolymph could be collected from the infected larvae at 120 h post-infection 52. Using a
similar BmNPV/Bac-to-Bac system, a larger recombinant spider silk protein (70 kDa)
could also be expressed to about 5% of the cell’s total protein in the BmN cells and
approximately 6 mg of fusion protein in a silkworm larva

53

. A chimeric silkworm/spider

silk gene was induced into the genome of transgenic silkworms by the piggyBac vector 79.
Using the exogenous Fhc promoter, the chimeric silk protein was able to be stably produced
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in silk glands and converted into composite silk fibers in cocoons with 5% spider silk
protein:95% silkworm silk protein but with improved mechanical properties 79.
1.7

Talens and CRISPR/cas9 system ---Two choices for one purpose in the genomemodification technologies
Genome-modification technologies have largely relied on traditional forward

genetic screens, such as chemical mutagenesis and transposon-mediated mutagenesis 80,81,82.
The applications of these technologies are intrinsically limited to gene insertions or
mutations at random or at a few pre-defined locations across the genome. Recently, precise
genetic manipulation technologies such as homologous recombination based gene targeting,
and zinc finger nucleases (ZFNs)-mediated genomic edition, have been developed to
overcome the disadvantages of the traditional forward genetic screens 83,84,85,86,87,88,89,90,91,92.
The use of a hybrid protein containing specific zinc finger DNA binding domains and the
zinc finger endonuclease Fok I that can target specific DNA sequences has made
considerable progress in genome-modification technology91,92. It has not been used as
widely as anticipated, partly due to the costly, laborious, and time consuming production
of the ZFN proteins with high selectivity93,94. New genome editing techniques, which are
more efficient, less time-consuming, less laborious, and less expensive, are still needed to
meet the demand in the new biomedical applications.
TALENs (transcription activator-like effector nucleases) with gene disruption
efficiencies up to 65%, have been widely used to perform precise genome editing in a wide
range of organisms and cell types, such as plants, fish, livestock, and human somatic cells 95.
Each group of special effector proteins of TALEs contains N- and C-termini for localization
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and activation and a central domain for specific DNA binding96,97. The central domain
consists of a variable number of tandem monomer repeats, varying from 5 to over 30 with
an average of 17.5, each of which contains 34 amino acids that recognize a specific DNA
sequence ranging from 14-20bp96,98. A pair of residues termed the “repeat variable
diresidues” (RVDs) includes NI (Asn Ile), HD (His Asp), NN (Asn Asn)/NK (Asn Lys) and
NG (Asn Gly) of each TALE repeat at position 12 and 13, while the remaining amino acid
sequence of the repeats is highly conserved96,97. These RVDs determine the nucleotide
binding specificity for A, C, G, T99,100,101. A TALE can be fused with the endonuclease Fok
I to create a specific TALEN, which works as a powerful genome-editing tool in a wide
range of model systems and cultured human cells. To make a cut at a particular site in the
genome, TALENs must be designed in pairs with a flanking spacer DNA region (usually
14-18 bp) that can be cut by dimeric Fok I and then lead to a double strand DNA break
(DSB).
Different from the protein-based targeting (TALEN and Zinc Finger) methods, the
CRISPR (clusters of regularly interspaced short palindromic repeats) system and the
endonuclease Cas9 can work together for site-specific genomic editing in mammalian cells
and zebrafish somatic cells at the organism level (Figure 1-10)

110,111,112,113,114

. Based on

the principle of the type II prokaryotic CRISPR/cas9 adaptive immune system, the CRISPR
targets are usually short, direct repeat sequences,116,117,118. Transcription of the variable
CRISPR locus yields a pre-crRNA, which is processed to yield crRNAs. The crRNAs have
individual invader-derived sequences that guide effector nuclease complexes to
specifically target dsDNA sequences119,120,121,122,115. The crRNA and trans-activating
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crRNA (tracrRNA) can form a double strand RNA called guide RNA (gRNA), which is
important for the formation of the Cas9 complex. The guide RNA directs the endonuclease
Cas9 to generate DSBs in the target DNA123. The gRNA-Cas9 target recognition and
cleavage requires sequence complementarity between the gRNA and the targeting
sequence. At the meantime, it also needs the presence of an appropriate protospaceradjacent motif (PAM) sequence at the 3′ end of the target sequence113. In the type II systems,
the protospacer-adjacent motif (PAM) with sequence NGG (N is any nucleotide) serves as
a self-versus non-self-recognition system to prevent self-targeting of the CRISPR locus 124.
Certain mis-matches can be tolerated by CRISPR-Cas9 system causing undesired off-target
mutagenesis125. Using a Cas9 nickase mutant combined with paired gRNAs to introduce
DSBs can reduce off-target activity by 50- to 1,500-fold in cell lines 126.
Non-homologous end joining (NHEJ) and homologous recombination (HR)
repair102 are the two main types of repair mechanisms when DNA double strand breaks
(DSBs) occur in eukaryotic cells (Figure 1-10) 103,104. Through precise and controllable HR
repair systems, an exogenous DNA fragment flanked by homologous sequences around the
DSB site can be added at the break site in the genome105. In contrast, the highly efficient
NHEJ repair systems are often accompanied by loss/gain of some nucleotides with variable
outcomes, such as nucleotide insertions, deletions, or nucleotide substitutions in the broken
region106. In a recent case, a 15kb inducible gene expression cassette was inserted into the
genome of human cell lines at a defined locus through a NHEJ pathway107. In the presence
of homologous donor DNAs, a HR DNA pathway usually has been chosen to enable a sitespecific insertion of an exogenous DNA sequence or a precise replacement or an “unwanted”
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endogenous nucleotide with a desired or corrected nucleotide in place 97,108,109.
There are some differences between TALEN- and CRISPR/Cas9-mediated
genomic editing techniques, although they also share some common features (Table 1-5) 98.
In general, TALEN-mediated genome editings need a pair of large repetitive sequences
encoding domains to specifically recognize the DNA of interest in the genome 98. Whereas
only a short RNA molecule is required in the case of CRISPR/Cas9-mediated genome
editing, which makes it much easier to manipulate or to guide for site-specific DNA
recognition and cleavage98. TALEN recognition sites always start with T (this rule has been
proven to not be 100% strict), while CRISPR/Cas9 recognizes genomic sequences that
usually are preceded by the di-guanine residues NGG98.
1.8

The application of new genome editing technologies in transgenic silkworms
The genome editing application of these new technologies in making transgenic

silkworms are limited. Several remarkable breakthroughs have been made in editing a
variety of organism genomes using the new genome editing technologies ((ZFN, TALEN,
and CRISPR /Cas9)127,128,129. Recent research has shown that the phenotype gene
BmBLOS2 (the transparency of silkworm skin) and the non-phenotype gene Bmku70 can
be edited by using ZFN, Talen, or CRISPR/Cas9 through knock-out (Table 1-6). The
BmBLOS2 gene is involved in uric acid metabolism in silkworm, the mutation of which
can cause the transparent oil-like spots on the surface skin of the silkworm 130. Sanyuan and
his colleagues found ZFN generated DSBs at the secondary exon of fibroin heavy chain in
silkworm that caused a non-in frame coding zone after DSBs sites, resulting in smaller,
empty silk glands, thin cocoons and heavier pupae131. So far, most of the transgenic
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silkworm strains have been created by the piggyBac transport system that lead to random
integration instead of insertion at precise sites in the silkworm genome (as discussed in part
1.6)

132

. There was no research related to knocking in an exogenous gene into silkworm

silk gland using the new genome editing technologies when we started the project. Our
research was designed to knock in or replace the fibroin heavy chain with a functional
spider silk protein gene (MaSp1/MiSp1) at precise sites of silkworm fibroin heavy/light
chain gene by using CRISPR/Cas9. This would enable the transformed silkworms to
produce chimeric spider/silkworm silk with improved mechanical properties.
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CHAPTER 2
HEAVY CHAIN NON-HOMOLOGOUS END JOINING PROJECT
(HC-NHEJ PROJECT)

Abstract
Using silkworms as the platform to produce spider silk-like fibers has always been
of interest in transgenic silkworm research. The traditional methods of creating transgenic
silkworms are mostly dependent on the transposon-based piggyBac system in which the
foreign gene of interest is expressed under an exogenous promoter. This leads to random
integrations and limits the production of the spider silk-like proteins. In this research, the
CRISPR/Cas9 system has been specifically optimized for silkworms by using the silkworm
U6 promoter. Two large exogenous synthetic spider genes (~10kb), major ampullate spider
silk gene MaSp1 and a minor ampullate spider silk gene MiSp1 of Nephila clavipes, have
been successfully integrated into a defined site of the fibroin heavy chain of transgenic
silkworms through non-homologous end joining. The expression of MaSp1 or MiSp1 was
driven by the endogenous fibroin heavy chain promoter, which improved the genetic
stability of transgenic silkworms. The composite silkworm/spider silk fibers exhibited
exceptional mechanical performances compared to normal silkworm silk fibers and other
transgenic silkworm fibers in the literature. These results demonstrate that this
CRISPR/Cas9-based strategy is effective and conducive for the creation of transgenic
silkworms.
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2.1

Introduction
Spider silks display a unique combination of strength and extensibility, which

makes them one of the toughest materials known. Unfortunately, spiders cannot be farmed
at a large-scale to meet the demand of commercial applications because of their territorial
and cannibalistic behaviors. The sequences of cDNA and genes for several spider silk
proteins allowed the design of synthetic spider silk genes for use in transgenic silk
production124,125. A common primary protein structure of spider silks comprises a large
central core of repeated modular units, accounting for approximately 90 % of a silk protein,
flanked by non-repetitive N- and C-terminal domains. The repetitive modular unit has a
subset of the sequence motifs poly alanine and Glycine-Glycine-X with X representing a
variable amino acid in major ampullate spider silk protein MaSp1 and minor ampullate
spider silk protein MiSp141. The sequential order and the number of motifs are different in
the modules of different spider silk proteins126. These characteristics are responsible for the
secondary structures and mechanical properties of spider silks. Accordingly, different
synthetic spider genes have been designed to integrate these motifs and endow the encoded
silks with various mechanical properties41,127. These synthetic spider genes were integrated
into various organisms to produce recombinant spider silk proteins (rSSps). A wide range
of heterologous host systems have been investigated as platforms for producing rSSps
including bacteria48, yeast128, mammalian cell lines49, transgenic plants50,51, mammalian
animals129, and insects53,55. Although the recombinant spider silk proteins produced in these
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host systems have been artificially spun into fibers, it is worth noting that these fibers are
not as strong as natural spider silks due to the limitations on protein size and spinning
technologies46,130. The majority of the rSSps produced to date are about 30-110 kDa, much
smaller than the most characterized spidroin (300-350 kDa) of native spider silk fibers 41.
A nearly native-sized recombinant spider silk protein was expressed in Escherichia coli,
but the limitation of low expression make it impossible to meet large scale demands 131.
Additionally, the techniques used for artificial spinning of rSSps are dramatically different
from the natural spinning process of spiders41. One of the most common methods used for
spinning spider silk fibers in the laboratory has employed 1,1,1,3,3,3-hexafluoro-2propanol (HFIP) which is both toxic and expensive130. Fibers are created by extruding the
dope solution into a coagulant and then stretching the extruded protein in various
alcohols130,132,133. Spiders and silkworms, on the other hand, solvate their proteins in water
and then pull the fiber from the spinneret without the requirement for coagulants. The
native process is extremely quick with the fibers forming within a matter of microseconds134.
The silkworm, Bombyx mori, has a similar natural fiber spinning process to that of
spiders41,78. In recent years, it has been used as a platform for producing composite
silkworm/spider silk fibers53,55,135. The most frequent way to make transgenic silkworms is
the use of the transposon-based piggyBac system. This technique produces random
integrations in the genome, which can cause gene drift and uncontrollable gene
amplification136,137. The composite silkworm/spider fibers produced using this system had
variable spider silk protein incorporation leading to limited improvement of mechanical
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properties55,127,135. Improved genome editing technology provides a means to deliver
exogenous genes at precise target sites in the silkworm genome.
The clustered regularly interspaced short palindromic repeats (CRISPR) system
which consists of two components: a “guide” RNA (gRNA) and a non-specific CRISPRassociated endonuclease (Cas9)138,139,140 is an obvious choice. The CRISPR/Cas9 system
has been widely used in many different scientific research models such as insect cells 141,
plants142 and human cells143. The advantages of this system are the relatively easy
production and design of the constructs, time-saving production of transgenic organisms
and binding stability to the genomic DNA144. This genome editing technique creates DNA
double strand breaks (DSBs) at a defined position in a chromosome. The Cas9-mediated
DSBs can be spontaneously repaired via the independent pathway of non-homologous end
joining (NHEJ) or homology-directed repair (HDR)144. Using the CRISPR/Cas9 system,
an exogenous DNA fragment has been added through precise and controlled homologous
recombination (HR) repair systems in the Caenorhabditis elegans genome145. The
homologous recombination-mediated knock-in system is the preferred technology to
introduce foreign genes into desired hosts but one of the main limitations of this approach
is that it is challenging to incorporate large DNA fragments 146. On the other hand, the nonhomologous end joining (NHEJ) repair system, which acts independently of HR, is highly
efficient despite nucleotide insertions, deletions, or substitutions in the DSB region 146. Yang
and colleagues (2013) successfully inserted a 15kb inducible gene expression cassette at a
defined locus in human cell lines using NHEJ 146.
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The most recent applications of the recent genomic editing technologies, such as
zinc-finger nucleases (ZFN), transcription activator-like effector nucleases (TALENs) and
CRISPR/Cas9 system, mostly focus on the silkworm gene (BmBLOS2) or the nonphenotype gene (Bmku70)

147,148

. A recent study has successfully disrupted the fibroin

heavy chain (FibH) gene of silkworm glands by using customized ZFN 123. By using a
silkworm specific CRIPSR/Cas9 system, we separately introduced two relatively large
synthetic spider silk genes, the major ampullate spider silk gene (MaSp1, ~10 kb) or the
minor ampullate spider silk gene (MiSp1, ~10 kb) of N. Clavipes, into the only intron of
the silkworm FibH gene through NHEJ by using an optimized silkworm-specific
CRISPR/Cas9 system. To improve their protein yields and ensure their genetic stability.
The expression of these genes was driven by the endogenous FibH promoter which is active
in the transgenic silkworm glands. Our data indicated that the relatively large synthetic
spider silk protein genes (MaSp1 and MiSp1) have each been successfully integrated into
the intron of FibH gene. These genes have expressed their proteins using the endogenous
FibH promoter in the transgenic silkworms. The resulting composite silkworm/spider silk
fibers have mechanical properties that exceed normal silkworm fibers as well as other
transgenic silkworm fibers in the literature in both the G0 and the G1 generation of
transgenic silkworms. This strategy overcomes the limitations of random integration by the
transposon-based piggyBac system. It may also facilitate the insertion of large exogenous
DNA fragments at other defined sites within the silkworm genome.
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2.2

Material and Methods

2.2.1

Construction of Cas9 and sU6 gRNA expression vectors for use in silkworms
To construct the Cas9-based expression vector, the coding region of Cas9 was

excised from Px330-U6-Chimeric BB-CBh-hSpCas9 (Addgene plasmid # 42230) with
AgeI and NotI (NEB, R3552S and R3189S), gel-purified (Qiagen, No. 28704), recovered
and sub-cloned into the corresponding sites downstream of the hr5 enhancer and IE1
promoter in pIExTM-1 (Novagen, No. 71241-3) to form pIExTM-1-Cas9. To facilitate the
tracking of Cas9 presence and expression inside cells, eGFP was added on the C-terminal
of Cas9 to form the plasmid pIEx TM-1-eGFP-Cas9. To construct the sgRNA-expressing
vector for silkworms, an 467bp gBlock DNA fragment including the silkworm-specific U6
promoter and terminator as well as part of the essential sgRNA frame was purchased from
Integrated DNA Technologies (Coralville, IA). This gBlock DNA fragment was PCRamplified (primer 1: AGGTTATGTAGTACACATTG and primer 2: TTAATGCCAACTT
TGTACA) and then sub-cloned into the pGEM -T easy vector system (Promega, A3600)
to form pGEM-T-sU6 (silkwormU6). Oligo gRNAs (gRNA_sU6_FibH_1, 2, 3) having
20 nucleotides, the target site sequence which starts with G in the sgRNA-1 and ends with
C in the sgRNA2 (Table 1) were made. The oligos, including sgRNA targeting sites and
part of the sgRNA frame, were also ordered from Integrated DNA Technologies and were
annealed and extended to form double strand DNAs. These double strand DNAs were gelpurified (Qiagen, No. 28704) and sub-cloned into the MfeI-digested pGEM -T-sU6 using
Gibson Assembly® Master Mix (NEB, E2611S) to form final sgRNA expression vector
pGEM-T-sU6-sgRNA. The three gRNAs (gRNA_sU6_FibH_1, 2, 3) that specifically
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target the intron of heavy chain AF226688.1: 63138-63159; 63196-63215; 63318-63337
were tested for their mutation efficiencies (Table 2-1).
2.2.2

CRISPR/Cas9 evaluation in BmN cells
The fully constructed plasmids pIExTM-1-eGFP-Cas9 and pGEM-T-sU6-sgRNA

(described above) were transfected to BmN cells using X-tremeGENE TM HP DNA
Transfection Reagent (Roche, No. 06 366 244 001) with a ratio of 1µg total plasmids to 2
µl transfection reagent for each well. The control group was transfected with the same
volume of ddH2O in which the plasmids were suspended without the DNA plasmids. After
72-96 h transfections, the cells were washed with 1x PBS buffer (pH 7.4), the genomic
DNA of transfected BmN cells were harvested by using QuickExtract™ DNA Extraction
Solution (Epicentre, QE09050) and then subjected to PCR amplification (Qiagen, Taq PCR
Master Mix, No. 201443) using the following primers. HC-lacZdisr-Forward:
ATATCTAGATTCTCAGTGGGTCGCGTTAC, and HC-lacZdisr-Reverse: ATAGGTACC
TCGATAACTGCCCCAGATGC. The PCR products (~250 bp) were cloned into the
pGEM-T easy vector system (Promega, A3600). After transformation into high efficiency
DH5-alpha competent E. coli (NEB, C2987P), plasmid inserts from transformed colonies
were sequenced. Colonies identified to contain the mutation were determined by
comparing the sequences of the clones to the reference sequence of the fibroin heavy chain
gene (AF226688.1:63001-63601). The CRISPR/Cas9 efficiencies were evaluated based on
the ratio of the mutated sequenced clones to the total sequenced clones.
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Table 2-1 The gRNAs design of CRISPR/Cas9 system
Name
gRNA_sU6_FibH_1_F

gRNA_sU6_FibH_1_R

gRNA_sU6_FibH_2_F

gRNA_sU6_FibH_2_R

gRNA_sU6_FibH_3_F

gRNA_sU6_FibH_3_R

2.2.3

Sequence (5’-3’)
TTTTTTTAGGTATATATACAAAATATCGTGCTCTACAAGT
GGTTTTCCCTACCTATTAGC
TATTAATGCCAACTTTGTACAAGAAAGCTGGGTCTAGAA
AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATA
ACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA
AACGCTAATAGGTAGGGAAAACC
TTTTTTTAGGTATATATACAAAATATCGTGCTCTACAAGT
GATGTGACCATAAAATCTCG
TATTAATGCCAACTTTGTACAAGAAAGCTGGGTCTAGAA
AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATA
ACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA
AACCGAGATTTTATGGTCACATC
TTTTTTTAGGTATATATACAAAATATCGTGCTCTACAAGT
GCGCTGATCTGGAACGAGTT
TATTAATGCCAACTTTGTACAAGAAAGCTGGGTCTAGAA
AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATA
ACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA
AACAACTCGTTCCAGATCAGCGC

Genome Location
AF226688.1: 63141-63159

AF226688.1: 63141-63159

AF226688.1: 63194-63212

AF226688.1: 63194-63212

AF226688.1: 63341-63360

AF226688.1: 63341-63360

The construction of the heavy chain non-homologous end joining donor (HCNHEJ-Donor)
The major ampullate spider silk protein MaSp1gene is enriched with [GGX] n and

poly (A) motifs124,126. The minor ampullate spider silk protein MiSp1 gene is enriched with
the GGXGGY (X = Q or A) motifs alternating with (GA)y(A)z motifs (y = 3-6 and z = 25)149. Accordingly, the synthesized spider silk protein DNA of [MaSp1] 8 and [MiSp1]8
were designed and purchased from Life Technologies (Table 2-2) and then were
concatenated to form 8 repeats using the enzymes AgeI and BspEI (NEB, R3552S and
R0540S). The whole coding fragment was cloned into the pBluescript  SK (+) vector
(from Dr. Lewis’ lab) with HindIII and BamHI (NEB, R3104S and R3136S) to produce
pSK-MaSp1/MiSp (8). The 3’ coding sequence and poly (A) signal (CTD) of the silkworm
heavy chain genome was inserted into pSK-MaSp1/MiSp (8) with SacII and SacI (NEB,
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R0157S and R3156S) to produce pSK-MaSp1/MiSp1 (8)-CTD. The DsRed gene fragment
was amplified from piggyBac1379 (from Dr. Lewis’ lab) by PCR with gene-specific
primers and then sub-cloned into pSK-MaSp1/MiSp1(8)-CTD to produce pSKMaSp1/MiSp1(8)-DsRed-CTD. The 5’ key regulatory elements and protein sequences
included the N-terminal domain (intron1/exon2) and eGFP. This was produced by PCR
with the piggyBac1379 plasmid DNA (from Dr. Lewis’ lab) and was cloned into pSKMaSp1/MiSp1(8)-DsRed-CTD to produce the full pSK-NTD-MaSp1/MiSp1(8)-DsRedCTD vector. PCR primers for the constructions of pSK-NTD-MaSp1/MiSp1(8)-DsRedCTD vector are in Table 2-3.
Table 2-2 DNA sequence of the synthetic spider silk genes MaSp1(8) and MiSp1(8)
Name

Sequence (5’-3’)

MaSp1(8)
(GGTGGTGCAGGTCAGGGTGGTTATGGTGGTCTGGGTAGCCAGGGTGCCGGTCGTGGTGGACTGGGTGGTCAAGGT
GCTGGTGCAGCAGCAGCTGCCGCAGCAGCAGGCGGTGCAGGCCAAGGCGGATATGGCGGACTGGGTTCACAGGG
TGCAGGCCGTGGCGGTTTAGGTGGTCAAGGCGCAGGCGCTGCTGCAGCCGCAGCGGCAGCAGCTGGCCAAGGTGG
CTATGGTGGCTTAGGCTCACAGGGTGGCGGTGCTGGACAGGGTGGATACGGTGGCCTTGGCAGTCAAGGTGCGGG
TCGCGGTGGTTTAGGCGGTCAGGGTGCGGGTGCGGCTGCTGCAGCTGCGGCAGCGGGTGGTGCTGGGCAAGGCGG
TTACGGTGGATTAGGTAGCCAAGGTGCAGGACGCGGAGGTCTTGGTGGACAGGGTGCTGGCGCTGCTGCGGCAGC
AGCAGCCGCTGGGGGTGCTGGTCAAGGGGGTTATGGCGGTTTAGGATCTCAGGGTGCGGGACGGGGTGGTCTGGG
AGGGCAAGGGGCAGGCGCAGCAGCAGCGGCAGCTGCAGCCGGTGGTGCCGGACAAGGGGGATATGGGGGTCTTG
GCTCCCAAGGCGCTGGTCGTGGCGGTCTTGGAGGCCAAGGTGCCGGTGCCGCTGCAGCGGCTGCTGCTGCAGCGG
GTCAAGGGGGATACGGTGGTCTGGGATCACAAGGTGGTGGCGCAGGGCAAGGTGGGTATGGGGGTTTAGGTTCGC
AAGGTGCTGGCCGTGGGGGACTGGGAGGACAGGGTGCCGGTGCGGCAGCCGCTGCAGCTGCTGCGGGTGGCGCT
GGTCAGGGTGGCTATGGCGGATTGGGCTCTCAAGGGGCAGGTCGGGGTGGCTTGGGAGGACAAGGTGCGGGTGCA
GCCGCTGCGGCAGCTGCCGCTGGCGGAGCAGGCCAGGGTGGCTACGGTGGACTGGGTTCCCAAGGTGCGGGAAG
AGGTGGCTTGGGTGGCCAGGGTGCAGGGGCAGCGGCTGCAGCGGCAGCAGCC)8
MiSp1(8)

(GGTGGTGCCGGTGGTTATGGTCGTGGTGCTGGTGCGGGTGCCGGTGCAGCAGCTGGTGCCGGTGCTGGCGCAGGC
GGTTATGGTGGTCAGGGTGGCTACGGTGCCGGTGCCGGTGCTGGTGCCGCAGCCGCAGCGGGTGCGGGTGCAGGC
GGTGCTGGCGGTTATGGCAGAGGTGCTGGGGCTGGTGCAGGCGCTGCAGCCGGTGCGGGTGCTGGTGCGGGTGGA
TATGGTGGCCAGGGTGGTTATGGCGCTGGCGCAGGGGCAGGCGCAGCAGCAGCAGCTGGGGCAGGCGCAGGCGG
TGCCGGTGGCTATGGACGCGGAGCCGGTGCCGGTGCAGGGGCAGCAGCGGGTGCTGGTGCCGGTGCAGGGGGTTA
TGGTGGCCAAGGCGGATATGGTGCGGGTGCAGGCGCTGGTGCAGCAGCAGCCGCTGGTGCCGGTGCCGGTGGTGC
GGGTGGCTACGGAAGAGGTGCGGGTGCCGGTGCCGGTGCTGCAGCGGGTGCGGGTGCGGGTGCCGGTGGTTATGG
CGGTCAGGGTGGGTATGGTGCGGGTGCTGGTGCAGGCGCAGCTGCAGCCGCTGGTGCTGGTGCAGGCGGAGCCGG
TGGATATGGCCGAGGTGCTGGCGCAGGCGCTGGCGCTGCTGCTGGTGCCGGTGCGGGTGCTGGGGGATACGGTGG
TCAAGGGGGTTATGGTGCGGGTGCCGGTGCGGGTGCAGCCGCAGCAGCTGGTGCGGGTGCGGGTGGTGCAGGGGG
ATATGGCCGTGGTGCCGGTGCTGGTGCGGGTGCTGCAGCCGGTGCTGGGGCAGGGGCTGGCGGTTATGGGGGTCA
AGGCGGTTATGGCGCTGGTGCTGGTGCTGGGGCTGCCGCAGCAGCCGGTGCTGGTGCTGGCGGTGCGGGTGGTTA
CGGTCGGGGAGCTGGCGCTGGTGCTGGCGCAGCAGCGGGTGCCGGTGCTGGTGCCGGTGGCTACGGTGGACAAGG
TGGCTATGGTGCCGGTGCAGGCGCAGGGGCTGCAGCCGCAGCCGGTGCCGGTGCCGGTGGCGCTGGGGGTTATGG
TCGCGGAGCGGGTGCAGGCGCAGGCGCAGCCGCTGGCGCTGGTGCGGGTGCTGGCGGTTATGGTGGACAAGGGG
GTTATGGGGCTGGTGCTGGCGCAGGGGCAGCTGCTGCAGCGGGTGCTGGCGCT)8
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Table 2-3 Primers for the constructions of pSK-NTD-MaSp1(8) or MiSp1(8)-DsRed-CTD
Name

Sequence (5’-3’)
ATAGGTACCAGCCCTAACAAGAGCTCACGTGATAGATTCTATGAAGC
NTD-F2
ACTTCGGTAACGCGACCCAGTGTTAGCAAATTCTTTCAGGTTG
NTD(eGFP)-R TAACTCGAGAGCTTGTACAGCTCGTCCATGCCGAGAG
DsRed-F
ATAGGATCCCGCCTCCTCCGAGAACGTCAT
DsRed-R
TAATCTAGACAGGAACAGGTGGTGGCGG
CTD-F
CAACCGCGGAAGCGTCAGTTACGGAGCTGGCAG
CTD-R
TAAGAGCTCTATAGTATTCTTAGTTGAGAAGGCATAC

Restriction Sites Added
5' KpnI
3' XholI
5' BamHI
3' XbaI
5' SacII
3'SacI

Original from NCBI
AF226688.1:63026-63862
with eGFP

AF226688.1:79021-79500

Table 2-4 Primers for the genome: junction testing of transgenic silkworm moths
Primer No.
1
2
3
4
5
6
7
8

Name
FibH62454-F
H1-R
FibH62737-F
FibH-donor-R
PSK-F
FibH63746-R
PSK-F2
FibH63575-R

Sequence (5’-3’)

Primer combination for PCRs

TTGTGATCTTGTGCTGCGCT
CAGGGTCAGCTTGCCGTAG
CACCGGTAAATCAGCATTGC
CGACTGCAGCACTAGTGCTG
GGGCGATCGGTGCGGGCCTC
TGAGCAACAGTACCATCGGA
TACGACTCACTATAGGGCGA
TCGATAACTGCCCCAGATGC

1 and 2 for 5'-junction first time PCR
3 and 4 for 5'-junction secondary time PCR
5 and 6 for 3'-junction first time PCR
7 and 8 for 3'-junction secondary time PCR

Table 2-5 Primers for DsRed Detection in the genome of transgenic moths
Primer No.

Name

Sequence(5’- 3’)

1

Dsred-BamHI

ATAGGATCCCGCCTCCTCCGAGAACGTCAT

2

Dsred-XbaI

TAATCTAGACAGGAACAGGTGGTGGCGG

3

HC_DsRed_1_F CACGAGTTCGAGATCGAGGG

4
5
6

HC_DsRed_1_R GCGTCCACGTAGTAGTAGCC
HC_DsRed_2_F CCGACATCCCCGACTACAAG
HC_DsRed_2_R ACGCCGATGAACTTCACCTT

2.2.4

Primer Combinations for PCRs

Template DNA

Primer 1 and 2 used for the first time PCR cDNA of Transgenic silk glands mRNA
Primer 3 and 4 used for the secondary PCR PCR products from the 1st PCR
Primer 5 and 6 used for the secondary PCR PCR products from the 1st PCR

Silkworm Transformation
The electroporation equipment, CUY21EDIT in vivo square wave electroporator

and CUY495P10 chamber and were purchased from Sonidel  Limited. Fresh eggs were
collected within 1-2 h after being laid by purebred moths (Haoyue). The electroporation

49
procedure is as follows. a) Prepare electroporation buffer (EP buffer) by adding ddH 2O
(385 µl), 2% PVP (polyvinylpyrrolidone) solution (250 µl), 10 % Tween 20 (15 µl), 0.1 M
spermidine solution (50 µl), DNA plasmid(s) solution (100 µl, 1.0 µg/ µl) to a 1.5 ml
Eppendorf tube and mixed together well; then adding 100 ul 2.5 M CaCl2, mixed well again;
b) collect and briefly wash the silkworm eggs layed within 2-3 hr with tap water; c) place
the eggs (500-1000 eggs) into EP buffer in a 9 cm petri-dish; d) treat the silkworm eggs
with pressure reduction by placing the dish with eggs on ice in a vacuum chamber for 1020 min; e) run electroporation for the eggs on ice by placing them into the electroporation
chamber, adding 1 ml EP buffer into electroporation chamber (eggs were cooled prior to
electroporation by allowing them to sit in the chamber, on ice, for 2 minutes), and running
the electroporation under 15 V, 50 ms (pulse), 75 ms (interval), 10-20 repeats, then leaving
eggs in the chamber 10-20 min on ice to allow the eggs to cool ; f) place the eggs on ice
and leave them for at least 1 h; g) eggs are then placed in a 9 cm petri-dish with 7 cm
diameter paper ; and h) they are left in the dark at 25 °C for hatching.
2.2.5

Inverse PCR and Junction Sequences
Genomic DNA was extracted from G0/G1 transgenic moths using the E.Z.N.ATM

Insect DNA Isolation Kit (Omega Bio-Tek, C0926-01). DNA was digested with Sau3AI
(NEB, R0169S) and circularized by ligation for 30 min at 16 °C. The 3ʹ- and 5′-end genome:
transgene junction sequences were amplified using the designed primers reported in Table
2-4. The first-round of PCR amplification was performed with NEBNext ® High-Fidelity
2X PCR Master Mix (NEB, M0541S) and second-round PCRs were performed using
Taq PCR Master Mix Kit (Qiagen, No. 201443) on the PCR products, purified by gel
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extraction, from the first round of amplifications. Amplified fragments were gel-purified
(Qiagen, No. 28704) and cloned into the pGEM®-T easy vector system (Promega, A3600)
for sequencing. The sequencing data was analyzed using Blast at National Center for
Biotechnology Information (NCBI).
2.2.6

Western Blotting Analysis of Silk Proteins
The adult silkworms were dissected at the 3 rd of 5 larval-stages. The glands were

removed, treated with 1×PBS and then subjected to -80 °C storage. The middle gland
proteins were homogenized in 2× SDS lysis buffer (3 % SDS, 6 M urea, 40 mM
Dithiothreitol, 10 % w/v Glycerol, 0.01 % Bromophenol blue, and 62.5 mM Tris-HCl pH
6.8), boiled at 100 °C for 15-20 min, loaded onto 4-20 % gradient gels (Thermo, Scientific),
and run at 100 V for 1.5 h. After gel separation (Bio-Rad), proteins were transferred to
Immobilon®-P Transfer Membrane (Emd Millipore, IPVH00010) by using Tris-GlycineMethanol buffer (3.0 g Tris,14.4 g Glycine, and 200 ml methanol for 1 L buffer), 45 V,
overnight. Primary antibodies were commercial eGFP-specific antibody (Thermo
Scientific, MA1-952), and dsRed2 antibody (Santa Cruz  Biotechnology, sc-101529).
Secondary antibody was Anti-Mouse IgG (H+L), HRP Conjugate (Promega, W4021). All
antibodies were diluted in blocking buffer (1× TBST with 5 % nonfat dry milk). Antibodyantigen reactions were performed using one-step ultra TMB blotting solution (Pierce,
Thermo scientific).
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2.2.7

DsRed detection in the complementary DNA (cDNA) of transgenic silkworm
mRNA
The transgenic silkworms were dissected at the 3rd larval stage. The glands were

removed and washed with 1×PBS (pH 7.4). Glands were stored at -80°C after absorbing
excess moisture using filter paper. The mRNA of the transgenic glands was extracted
following the manufacturer’s instructions of RNA/DNA/Protein Isolation Reagent (TRI
Reagent, No. TR 118/50) and then reverse transcribed into its complementary DNA (cDNA)
by using Transcriptor high fidelity cDNA synthesis kit (Roche, No.05081955001). By
using the cDNA as templates, the primary and secondary PCRs were performed with the
designed primers (Table 2-5) using 2×Taq PCR Master Mix (Qiagen, No. 201443). After
gel purification (Qiagen, No. 28704), the PCR products were cloned into pGEM ®-T easy
vector (Promega, A3600) for sequencing. The sequencing data was analyzed using NCBI
Blast. All experiments were performed with control (non-transgenic) samples of silkworm
glands.
2.2.8

Fourier Transformed Infrared Spectroscopy
Fourier transformed infrared spectroscopy analysis of secondary protein structures

on the silks in the glands was performed. A Varian 660-IR instrument with a horizontal
single reflection Pike Technologies MIRacle attenuated total reflectance (ATR) module
containing a ZnSe crystal was used for all measurements. Prior to producing any spectra,
an appropriate background spectrum was obtained. Fresh middle glands of both control
and transgenic groups were analyzed immediately after being excised from the silkworm
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bodies. Each gland was cut into sections beginning at the posterior end of the middle gland
(posterior division (MP)) continuing to the anterior end of the middle gland (anterior
division (MA)). These sections were then subjected to FTIR-ATR measurements at
positions normal to the lumen of the glands. Each sample was gently clamped down prior
to performing any readings and residual moisture was completely wiped away before
analyzing the next section. A method developed with Resolution Pro Version 5.1.0.822 was
used for all measurements. These results from 20 scans were averaged over the range of
1000 cm-1 to 2000 cm-1 with a resolution of 1 cm-1 and an aperture setting of 4 cm-1 at 4000
cm-1.

FibH

Exon 1

Exon 2

FibH

Figure 2-1 CRISPR/Cas9 system causes indels in the targeted gRNA HC-3 meditated
region in BmN cells wt.: wild-type gene sequence; Ref: reference sequence
(AF226688.1:63341-63360), the same as wt.; Testing Samples: XZ2-M13F-T2, XZ3M13F-T3, XZ6-M13-T6, XZ15-M13F-T3, XZ16-M13F-T4, XZ22-M13-T10, XZ25M13-T13, XZ29-M13F-T17, and XZ35-M13F-T23; gene replacements are shown in red
and dashes indicate deletions. The nucleotides in bold indicate the N-terminal and the Cterminal of the gene sequences.
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FibH

Exon 1

Exon 2

FibH

CCAGCTAATAGGTAGGGAAAACAAAGCT---CATAAT GTAGACCATAAAATCTCGTGG

CRISPR/Cas9 system
NTD eGFP

MaSp1(8) or MiSp1(8)

DsRed CTD

PSK

Non-homologous end joining
FibH

Exon 1
NTD eGFP

MaSp1(8) or MiSp1(8)

Left genome:junction testing

FibH63448-FibH63826

HC-NHEJ Donor

DsRed CTD

PSK

Exon 2

FibH

Right genome:junction testing

FibH 63026-FibH63306

HC-3 (CRISPR/Cas9)

Figure 2-2 The schematic illustration of HC-NHEJ strategy Red-Green dots: indicate
silkworm gRNA recognition sites (HC-1, -2, -3) with the corresponding sequences
displayed in the scheme (AF226688.1: 63183-63215). The underlined sequences in red and
green show the target sites of gRNA HC-1 and HC-3. The insertion of the HC-NHEJ donor
will cause a size shift from about 15.7 kb (wild type FibH gene) to about 16 kb (ligation
product of the HC-NHEJ donor). The 13 kb gene cassette, including NTD with eGFP,
MaSp1-8 repeats or MiSp1-8 repeats, DsRed and CTD, can be expressed under the control
of the endogenous FibH promoter. The CTD of the gene cassette includes a stop codon
from the original FibH genome. Genomic insertion of HC-NHEJ donor in G 0 HCA
transgenic silkworms, as revealed by nested PCR and sequencing. The horizontal arrows
indicate the primers for the genome: junction testing (Table 2-4). The 5’ genome: junction
was precise (Left genome: junction testing) while the 3’ junction involved imprecise end
repair (Right genome: junction). These results indicated the HC-NHEJ donor was
successfully integrated at the FibH locus in the transgenic silkworms.

2.2.9

Mechanical Testing and Analysis of Silk Fibers
The transgenic and control (non-transgenic) cocoon fiber were degummed (0.05%

sodium bicarbonate, 0.05 % SDS, and 0.01 % sodium carbonate solution) at 85 C for 3045min (wt./vol =1: 50) until the silk became transparent. Then the degummed fibers were
rinsed twice with warm water (50-60 C) using the same material: solvent ratio. The
degummed fibers were incubated at under room temperature overnight to dry. Individual
fibers were gently separated to avoid stretching and deformation and then attached to “C”
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shaped cards using liquid super glue. The gauge length was 19.1 mm and diameters for
each fiber were determined by taking an average of nine measurements with a Motic
Optical 5A310 light microscope and Motic Images Plus 2.0 software. Each “C” card with
the attached fiber was then loaded into a MTS Synergie 100 (MTS Systems) equipped with
both a 50 N load cell and a custom-made 10g load cell (Transducer Techniques) for
mechanical testing. Using TestWorks® 4 software, the attached fiber was uniaxially tested
by pulling the fiber at a speed of 5 mm/min with a data acquisition rate of 120Hz until the
fiber broke. All tests were performed in ambient conditions (20-22 ˚C and 20-26 %
humidity). Data were then exported and further analyzed using Microsoft Excel.
2.3

Results

2.3.1

CRISPR/Cas9 System Construction and Validation
To ensure the CRISPR/Cas9 system was well expressed in BmN cells (a cell line

from Bombyx mori) and/or silkworms, the coding region of Cas9 was inserted into the pIE1 vector under the hr5 enhancer and IE1 promoter. A codon-optimized silkworm-specific
U6 promoter (sU6) was used to construct the silkworm-specific gRNA (sgRNA)
expression vector. As mentioned above, imprecise repair in the NHEJ may lead to insertiondeletion polymorphisms (indels) of nucleotides and loss of function of a protein if it occurs
in the exons of a gene. Therefore, three different sgRNAs were used to target the intron of
the fibroin heavy chain (FibH) to eliminate negative effects due to error-prone splicing
and/or modifications via NHEJ repair73. Three different gRNAs of the CRISPR/Cas9
system, with three different target sites (HC-1, -2, -3), were transformed separately into
BmN cells to evaluate their on-target efficiencies (Table 1-1). The genomic DNA was
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extracted and NHEJ repair regions were amplified by PCR for sequencing. The HC-3
gRNA was introduced into silkworm eggs to generate transformed embryo because it had
the highest repair rate (30%, determined by sequencing) at the defined site in the FibH
genome (Figure 2-1).
2.3.2

HC-NHEJ Donor Design
In previous research, the transposon-based piggyBac system was used to

incorporate the fibroin heavy chain (FibH) promoter to drive temporary expression of the
foreign spider silk protein gene in the posterior silk glands of transgenic silkworms 127,150,151.
In our research, a donor vector pBluescript II SK (+), was used as a backbone to construct
HC-NHEJ vectors with synthetic spider silk expression motif’s MaSp1-8 repeats (~10 kb)
or MiSp1-8 repeats (~10 kb) with protein molecular weights of 214 kDa and 229 kDa,
respectively. Since we decided not to use exogenous promoters or enhancers in the HCNHEJ vector construction (Table 2-3), the expression of synthetic spider silk protein
MaSp1 or MiSp1 relies only on the endogenous FibH promoter in the posterior silk gland
cells (Figure 2-2). The MaSp1 or MiSp1 genes were flanked by 5’ and 3’ regulatory
elements and protein sequences (noted as the 5’ and 3’ terminal regions). The 5’ terminal
region includes a portion of the intron 1/exon 2 of the FibH gene and an enhanced green
fluorescence protein eGFP gene for detection. The 3’ terminal region contains a portion of
the 3’ end and the stop codon of exon 2 of the FibH gene. A red fluorescence DsRed gene
was added immediately after the MaSp1 and MiSp1 gene to track the expression of the full
length synthetic spider silk gene. As long as the optimized CRISPR/Cas9 generated DSBs
both at the intron of FibH and in the HC-NHEJ vector, the linearized vector could be ligated
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into the same DSB site of FibH through NHEJ, leading to the insertion of the entire HCNHEJ vector. The error-prone mechanism of NHEJ repaired the DSBs of the optimized
silkworm specific CRISPR/Cas9 system, therefore, the gRNAs cannot recognize their
target sites in the FibH genome of transgenic silkworms. The transgenic silkworms
transformed with the donor vectors containing the MaSp1 gene were designated as the
HCA group, while the transgenic silkworms transformed with the donor vectors containing
the MiSp1 gene as the HCI group.
2.3.3

Transgenic Silkworm Isolation
A purebred silkworm strain (diapause strain, Haoyue) was used for transformations

as it has a white cocoon and high silk production, which facilitates detection of the eGFPtagged and DsRed-tagged spider silk proteins in transgenic cocoons. Microinjection has
traditionally been used as a standard method for transformation of B. mori embryos. This
method has flaws that are difficult to overcome such as high cost, low survival rate and
high time and labor consumption as well as technically demanding operations 135.
Additionally, microinjection can only be applied to non-diapause silkworm eggs. As an
alternative, we used electroporation to reduce the time and labor needed due to its
convenience and high efficiency. Electroporation has some disadvantages such as a low
transformation rate, and the need to establish the appropriate electrical pulse parameters
(voltage, time, frequency, time interval, and the media composition) for different
species152,153. However, once these parameters are optimized and established, exogenous
DNA can be easily delivered into B. mori embryos. The electroporated B. mori embryos
were raised under the same conditions as the non-transgenic group until cocoons were spun.
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The composite silkworm/spider fibers of transgenic cocoons emitted both green and red
fluorescence indicating the entire gene construct was inserted due to the presence of both
the eGFP and the DsRed proteins (Figure 2-3). The transgenic proportion varied from 1030% determined by the green fluorescence in the transgenic cocoons. When the silkworms
reached the moth stage, the genomes of the G0 transgenic moths were extracted after
oviposition. The 5’ and/or 3’ junctions of the insertion were tested by nested PCRs (Table
2-4). Sequencing data showed that the NHEJ allele in the 5’ junction is precisely repaired
(Figure 2-2). On the other hand, imprecise end repair was evident at the 3’ junction (Figure
2-2), fortunately that does affect the expression of the construct. From these results, we
identified that eGFP-tagged and DsRed-tagged composite silkworm/spider silk protein
genes are present in the transgenic silkworm glands and the HC-NHEJ donor fragment was
inserted into the targeted location in the intron of the FibH gene (Figure 2-2).

A-1

A-2

B-1

B-2

A-3

A-4

B-3

B-4

Figure 2-3 Expression of the composite silkworm/spider/eGFP protein in the transgenic
cocoons of the G0 HCA group A: The silkworm cocoon fiber of control group (nontransgenic); B: The silkworm cocoon fiber of the G 0 HCA group. A-1 and B-1: green
fluorescence; A-2 and B-2: red fluorescence; A-3 and B-3: visible light; A-4 and B-4: the
merged images of visible light, green and red fluorescence.
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2.3.4

Analysis of the Composite Silk Protein
The G0 and the G1 silkworms were dissected at day 3 of the 5th larval stage from

both the non-transgenic and transgenic groups. Unfortunately, there were no offspring in
the second generation of the HCA group (transformed with MaSp1) as the eggs were not
fertilized. The transgenic confirmation of the G1 HCI group was performed in the same
way as HCA group by PCR and Western blot analyses. The results showed that the HCNHEJ donor in the G1 HCI group had been inserted at the same target site as that of the G0
HCA group. Coomassie blue staining of SDS-PAGE gels demonstrated the presence of
MiSp1 (~350 kDa) in the transgenic silk gland of the G1 HCI group (Figure 2-4 A lane 2
and 2-4 B lane 2. MaSp1 is much more difficult to solvate and therefore was not detected
using Coomassie staining of the proteins from the silk glands of the G 0 HCA group.
However it could be detected on a Western blot (Figure 2-4 A Lane 1 and 2-4 B lane 1). As
mentioned above MaSp1or MiSp1 were tagged both with eGFP and DsRed. The protein
extracted from the middle silk glands of non-transgenic and both transgenic groups (the G0
HCA and the G1 HCI) was subjected to immunoblotting to detect eGFP and DsRed proteins
by using an anti-eGFP and anti-DsRed antibody to determine the presence of the spider
silk protein MaSp1 and MiSp1. The positive bands indicated that both proteins were
present in the G0 HCA and the G1 HCI groups (Figure 2-4 C lanes 1 and 2). As stated above,
red fluorescence protein DsRed ORF was positioned downstream of the exogenous
synthetic spider gene MaSp1 or MiSp1 to indicate the full expression of the construct
(Figure 2-4 D lanes 1’ and 2’). Reverse transcription PCR (RT-PCR) results also show that
the DsRed gene has been included in the complementary DNA (cDNA) of the transgenic
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silkworm glands (Figure 2-5 and Table 2-5). These results show that the synthetic spider
silk protein MaSp1and MiSp1 have been fully expressed under the control of the
endogenous FibH promoter. In addition, our data indicates that the transgenes were
inherited by the next generation of transgenic silkworms.
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Figure 2-4 The SDS-PAGE Coomassie staining and western blotting of transgenic
silkworm gland proteinsA and B: Comassie blue stain; C: Western blot with anti-eGFP as
the primary anti-body; D: Western blot with anti-DsRed as the primary anti-body. M:
Protein Ladder; Lane C: control, non-transgenic silkworm gland; Lane 1 and 1’ : right
middle gland of in the G0 HCA group; Lane 2 and 2’: left middle gland of in the G 1 HCI
group.

1

2
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M

Figure 2-5 The detection of DsRed in the cDNA of transgenic moths Lane 1 and Lane 2:
cDNA of transgenic moths in the G0 HCA group. PC: positive control; M: DNA ladder.
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2.3.5

Mechanical Properties of the Composite Silk Fibers
To further investigate the mechanical properties of composite silkworm/spider

fibers, the G1 HCI offspring of the transgenic moths were raised under the same
environmental and diet conditions as their parents to produce silk. The mechanical
properties of non-transgenic and composite silkworm/spider fibers were tested under the
same environmental conditions (22-25 °C and 40 % relative humidity). Our results
demonstrated that the composite silkworm/spider silk fibers, in the G 0 HCA group (the G0
HCA2 and the G0 HCA3 lines) were tougher than the non-transgenic fibers (Figure 2-6 and
2-7, Table 2-6 and 2-7). The values of average maximum stress in the G 0 HCA2 and the G0
HCA3 were 650 and 628 MPa (27.3 % and 22.9 % increases respectively), higher than the
non-transgenic group value of 511 MPa (Figure 2-6 A and Table 2-6). The average
maximum stress of the composite silkworm/spider fibers in the G1 HCI group was 667
MPa, showing a 30.6 % increase over the control (Figure 2-6 A and Table 2-6). There was
an increase in average maximum strain of the G0 HCA2 and the G0 HCA3 groups of 25.7 %
and 23.6 % compared to 20.5 % in the control group. In contrast, the G 1 HCI group had an
average maximum strain of only 13.5 %. Comparisons between transgenic and nontransgenic fibers for maximum stress and maximum strain were statistically significant (P
< 0.001) with the exception of maximum strain in the G 0 HCA3 (Figure 2-6 and Table 27). While the maximum strain increased for the G0 HCA group, the elastic modulus
decreased slightly from 8.73 GPa in the non-transgenic group to 7.92 GPa for the G 0 HCA2
and 7.6 GPa for the G0 HCA3 (Figure 2-6 C). On the other hand, the G1 HCI group had a
decrease in maximum strain and a statistically significant increase in elastic modulus to
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15.24 GPa. The toughness (energy to break) of the composite silkworm/spider fibers in the
G0 HCA2 (107.93 MJ/m3) and the G0 HCA3 (102.92 MJ/m3) was higher than that in the
non-transgenic group (77.29 MJ/m3), while it decreased in the G1 HCI group (59.77 MJ/m3)
(Figure 2-6 D and Table 2-6). The mechanical properties of the composite silkworm/spider
fibers in the G0 HCA group and the G1 HCI group are both stronger than the median nontransgenic fibers when tested in tensile (Figure 2-6). Both the G 0 HCA and the G1 HCI
groups had composite silkworm/spider fibers with maximum stress values over 900 MPa
(Figure 2-6), which nearly matches the stress of native spider silk 154,155,156.

Control Fibers

A
800

B

**

30

Maximum Strain (%)

Maximum Stress (MPa)

**

**

Transgenic Fibers

600

400

200

0

Elastic Modulus (GPa)

15
12
9
6
3
0

24

18
12
6
0

C
*

**

150

Energy to Break (MJ/m^3)

18

**

**

120

D
**

**

90

60

30

0

Figure 2-6 Mechanical properties of degummed native and transgenic silk fibers Silk fibers
from native and transgenic silkworms were tested under equivalent conditions (*P<0.05;
**P<0.001). Control: the non-transgenic group (n=57); the G 0 HCA group: the first
generation of HCA group (silkworms transformed with MaSp1) including HCA-2 (n=35)
and HCA-3 (n=35); the G1 HCI group: the secondary generation of HCI group (silkworms
transformed with MiSp1) (n=17). SD: standard deviation.
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Table 2-6 The mechanical properties of transgenic fibers in both G0 HCA and G1 HCI
group compared to the G0 control group

B.
B.
B.
B.

1000

mori- Non-Transgenic silk
mori- G0 HCA2 Transgenic silk
mori- G0 HCA3 Transgenic silk
mori- G1 HCI Transgenic silk
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Figure 2-7 The mechanical properties of degummed silk fibers (Stress vs. strain) Stress vs.
strain curve from a control (non-transgenic) group (n=57) as well as three transgenic groups:
the G0 HCA-2 (n=35), the G0 HCA-3 (n=35), and the G1 HCI (n=17). This figure shows the
mechanical properties of silk fibers from each group based on maximum stress. 1: green,
the G0 non-transgenic fiber (control), 492.4 MPa; 2 and 5: blue, the median and the very
best composite silkworm/spider silk fibers of the G0 HCA group (HCA-3), 661.5 and
916.93 MPa; 3 and 6: red, the median and the very best composite silkworm/spider silk
fibers of the G0 HCA group (HCA-2), 628.8 and 913.03 MPa; 4 and 7: purple, the median
and the very best composite silkworm/spider silk fibers of the G 1 HCI group, 610.9 and
921.08 MPa. Silk fibers from native and transgenic silkworms were tested under equivalent
conditions.
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Table 2-7 The comparative table of mechanical properties using standard T-test
Compared Materials
Max Stress
Max Strain
Control, HCA-2
0.000027**
0.0013**
Control, HCA-3
0.00041**
0.055
Control, HCI
0.00053**
0.0016**
HCA-2, HCA-3
0.44
0.12
HCA-2, HCI
0.65
3.82E-09**
HCA-3, HCI
0.31
6.22E-07**
< 0.05
considered
significant,
< 0.01
*P <*P
0.05
considered
significant,
**P **P
< 0.01
0.01

2.3.6

Diameter
0.00067**
0.00064**
0.75
0.86
0.017*
0.022*

Elastic Modulus
0.11
0.03*
1.43E-11**
0.54
5.46E-11**
2.99E-11**

Energy to Break
0.00018**
0.0028**
0.095
0.56
3.85E-06**
0.00021**

FTIR-ATR Spectroscopic Characterization of Gland Contents
Spectroscopic analysis of the middle glands of silkworm from both non-transgenic

and the G0 HCA transgenic groups revealed both similar and contrasting trends, as shown
in Figure 2-7. Overall, when the secondary structural arrangement of the transgenic
glandular material was compared to that of non-transgenic silkworms, the arrangements
were highly similar. Both contained amorphous and helical-structures as well as beta-sheets,
which are defining hallmarks of all silk proteins. Although the secondary structures present
were similar, there were also minor differences between the non-transgenic and the G 0 HCA
groups. Compared to the non-transgenic group, the most notable difference was that the
transgenic glands had increased signal levels in the Amide II region and had an increased
shift to beta-sheet rich structures or conformations as shown in Figure 2-8A and B. These
trends can be explained by the presence of the spider silk protein, which leads to the
observed phenomena due to its primary sequence and motifs that generally contribute to
such secondary structures157,158.
Finally, the organization of silk proteins and more ordered structures are also
preserved from non-transgenic to transgenic specimens. FTIR-ATR spectra of protein
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samples taken from the posterior glands of both groups appear similar and lack any
predominant order or structure. At points further along the lumen of the duct more ordered
structures can be seen in the proteins and the formation of beta-structures is increased, as
shown in Figure 2-8 C and D. This is especially true for transgenic samples that showed a
substantial increase. As the anterior end of the duct is reached and fiber formation starts
the increase in secondary structures is clearly present. Characteristic beta-sheets of silks
become more apparent when compared to other possible structures. This behavior was
demonstrated by both groups of silkworms but was more evident in the transgenic samples
(Figure 2-8 D), which is likely due to the presence of spider silk proteins. In summary,
similar properties and structures were present for both groups but the structures of the
transgenic samples were altered to a more beta-rich conformation due to the inclusion of
spider silk proteins.
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Figure 2-8 FTIR spectra for proteinaceous material measured in various glands (A)
Comparison of anterior segments from non-transgenic glands and morphologically normal
transgenic glands. (B) Comparison of middle segments from non-transgenic glands and
transgenic glands. (C) Formation of secondary structure along the gland from posterior
(bottom) to middle (middle) to anterior (top) sections in non-transgenic glands. (D)
Formation of secondary structure along the gland from posterior (bottom) to middle
(middle) to anterior (top) in transgenic glands.
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Figure 2-9 Schematic model demonstrating the secondary structure of the composite
silkworm/spider silk fibers A: the amino acid sequence of the synthetic spider silk protein
MaSp1; B: the amino acid sequence of B. mori heavy chain; C: the amino acid sequence
of the synthetic spider silk protein MiSp1; D: the secondary structure of MaSp1 including
310-helixes and b-sheets; E: the secondary structure of B. mori heavy chain including bsheets; F: the secondary structure of MiSp1 including 310-helixes and b-sheets; G: the
secondary structure of the composite silkworm/spider silk fibers in the G 0 HCA group; H:
the secondary structure of the composite silkworm/spider silk fibers in the G 1 HCI group.

2.4

Discussion
Using transgenic silkworms as a platform to produce recombinant spider silk

protein has attracted intense interest because silkworms spin the composite protein fibers
naturally and can be farmed commercially. Previous studies have shown that piggyBac
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vector-based transgenic silkworms can produce recombinant spider silk proteins by
encoding the spider Nephila clavipes dragline silk protein MaSp1 under the control of a
sericin promoter (Ser1)55 or fibroin heavy chain (FibH) promoter127. The Ser1 promoter
can only drive recombinant spider silk protein (rSSp) expressed in the sericin layer 55. The
sericin layer is soluble and will be degummed in sericulture, thus, the incorporation of
spider silk protein in the sericin layer is unlikely to improve the mechanical properties of
transgenic fibers159,160. The transposon-based piggyBac system incorporated an exogenous
FibH enhancer and promoter to form a gene expressing cassette achieving rSSp exprssion
in the fibroin portion of the fibers127. DNA transposons usually transfer from one genomic
location to another by a cut-and-paste mechanism at TTAA chromosomal sites in the
transposon-based piggyBac system161. Elements with low-transposition rate may be
frequently lost through genetic drift, while elements with high-transposition rate may
amplify uncontrollably, leading to the sterility of their host162. Additionally, differences in
composite silkworm/spider silk protein ratios and/or the localization of these proteins along
the fiber caused by transposon-based heterogeneity may result in a wide range of variation
in the mechanical properties of composite silk fibers 163. The homogeneity of the silks’
mechanical properties serves as an important index to evaluate silk fibers. Furthermore,
transposon-based gene vectors have been incapable of producing high levels of synthetic
spider silk proteins in a host due to problems associated with random integrations 127.
Genome editing technologies facilitate introducing site-specific modifications in
the genomes of cells and organisms164. The applications of these genome editing techniques
in silkworms are generally limited to the knockout phase123,165,166. Zurovec M. and
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colleagues have successfully knocked-in a red fluorescence gene at a defined locus by
homologous recombination in transgenic silkworms, but knocking-in a large expression
cassette with an exogenous promoter at a precise site is still a problem 167. In addition, using
these genome editing techniques to knock-in a large foreign gene at a defined site and have
it successfully expressed under an endogenous promoter has never been demonstrated in
silkworms to the authors’ knowledge. In our studies, two large spider silk genes have been
successfully integrated at the defined locus of the fibroin heavy chain by the optimized
CRISPR/Cas9 initiated non-homologous end joining. The incorporated spider silk genes
were expressed under the endogenous silkworm FibH promoter.
In this research, to avoid disruptions of the translational reading frame, gRNAs
were designed to target the intron of FibH genome in transgenic silkworms. The
introduction of indels in the FibH intron does not disrupt the subsequent transcription and
protein expression of the knock-in cassette73. The relatively large synthetic spider silk
protein gene (MaSp1 or MiSp1, ~10kb) was integrated into the genome of silkworm FibH
at specific site, which is an advantage compared to the random integrations of transposonbased piggyBac system.
The present study exhibits some breakthroughs compared to other existing
approaches. This is the first report that used the endogenous FibH promoter to drive the
expression of large exogenous synthetic spider silk genes, which is different from other
design approaches based on constructing an expression cassette with an exogenous
promoter. No exogenous promoter was added in the HC-NHEJ donors in the present study.
Unlike the mechanism of homologous recombination where only the target exogenous gene
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can be bound to specific sites by homologous arms, the whole plasmid of HC-NHEJ donor
including the backbone of pBluescript II SK (+) can be inserted into fibroin heavy chain
through NHEJ. The inserted backbone cannot be expressed due to the incorporated 3’ stop
codon in the construction of HC-NHEJ donor. The gene cassette, including part of the FibH
N-terminal, eGFP, spider silk gene, DsRed, and the C-terminal of FibH, was expressed in
its entirety under the endogenous FibH promoter. There is a chance of native silkworm
fibroin being expressed under the endogenous FibH promoter due to alternative splicing
(Figure 2-2).
Second, it is the first time a large synthetic spider silk gene (~10 kb) was
incorporated, which is similar to the natural characterized spidroin genes (>9kb), into the
FibH gene of transgenic silkworms. These are some of the largest exogenous spider silk
proteins expressed in transgenic silkworms55,135. A previous study expressed a smaller
synthetic spider silk protein of approximately 120 kDa in piggyBac-based transgenic
silkworms127. Thirdly, the composite silkworm/spider silk fibers emit both green and red
fluorescence in both the G0 and the G1 generations of transgenic silkworms, indicating the
inheritance of the transgene in transgenic silkworms is stable. The genome junction testing
results have shown that the spider silk gene cassette has been integrated into the expected
sites of FibH in the genome by the optimized silkworm-specific CRISPR/Cas9 system
triggered NHEJ in both G0 and G1 generations of transgenic silkworms.
Finally, the composite silkworm/spider silk fibers demonstrated improved
mechanical properties in both the G0 HCA group and the G1 HCI group compared to the
control silkworm silk fibers. The incorporation of synthetic spider silk protein MaSp1 and
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MiSp1 enriched both the b-sheets ((GA)n, An) and 310-helixes (GGX) in the composite
silkworm/spider silk fibers (Figure 2-9). There are no repetitive amino acid regions that
form helical structures in the native silkworm silk fibers168, 169. The combination of the bsheets and 310-helixes increased both the maximum stress and strain of the composite
silkworm/spider silk fibers in the G0 HCA group (Figure 2-5). The composition differences
of amino acids between MaSp1 and MiSp1 made the composite silkworm/spider silk fibers
have different mechanical performances in each transgenic group (the G 0 HCA group and
the G1 HCI group) (Figure 2-5).
In conclusion, our research presents a more efficient way to create transgenic
silkworms transformed with a synthetic spider gene, this method is superior to the
transposon-based piggyBac system. It has made possible the expression of large exogenous
synthetic spider genes (~10kb) driven by the endogenous FibH promoter. Not surprisingly,
the mechanical properties of the composite silkworm/spider fibers in these transgenic
silkworms are also significantly improved compared to the non-transgenic fibers.
Importantly, the genetic stability of the superior mechanical characteristics persists in the
transgenic offspring. The strategy developed in this study may also be extended to other
exogenous synthetic silk proteins for the commercial production of biomolecules using
silkworm as an expression system.
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CHAPTER 3
LIGHT CHAIN NON-HOMOLOGOUS END JOINING PROJECT
(LC-NHEJ PROJECT)

Abstract
To improve the mechanical properties of transgenic silkworm/spider fibers, a new
strategy was used to incorporate a synthetic spider silk gene at the genetic locus of the
fibroin light chain (FibL) in silkworms by CRIPSR/Cas9 initiated non-homologous end
joining (NHEJ). In our study, double strand breaks (DSBs) at the sixth intron of the fibroin
light chain gene were created by an optimized CRISPR/Cas9 system. The results
demonstrated that a synthetic spider silk protein MaSp1 (172 kDa) gene was successfully
integrated at that locus through NHEJ. This is the first report that an exogenous spider silk
protein MaSp1 has been fully expressed under control of the endogenous FibL enhancer
and promoter. The transgenic silkworm/spider fibers demonstrated superior mechanical
properties in both the first and second generations (G1), indicating genetic stability of the
transgenic silkworms.
Key words: fibroin light chain, CRISPR/Cas9 system, synthetic spider silk protein MaSp1,
non-homologous end joining

78
3.1

Introduction
Spider dragline silk exhibits an outstanding mechanical performance due to its

incomparable combination of strength and extensibility. Dragline silk is composed of two
proteins, Major ampullate silk proteins 1 and 2 (MaSp1and 2). MaSp1 has a large central
domain of crystalline polyalanine (A) or polyglycine-alanine (GA) comprising 81 % of the
protein residues contributing to its remarkable toughness 170. With that as a template
synthetic spider silk genes have been designed to incorporate various functional gene
modules with different mechanical characteristics. These synthetic spider silk genes have
been expressed by a series of heterologous organisms because spiders cannot be farmed
2,48,49,50,51,46,52,53,54,55,56

. Bacteria and yeast have been widely used for producing spider silk

proteins taking advantage of the relative ease of gene manipulation, metabolic engineering,
and cost effectiveness of fermentations47,48. The produced recombinant spider silk proteins
(rSSps) have been artificially spun into fibers but with relatively weak mechanical
properties compared to natural spider dragline silk. The molecular weights of the
incorporated synthetic spider silk proteins (30-110 kDa) are smaller than most
characterized spidroin proteins (250-350 kDa) from native spider silk fibers 41.
Additionally, the techniques for artificial spinning of spider silk fibers need further
development to improve the mechanical properties of the synthetic spider silk fibers 171.
Interestingly, silkworms have a similar process of silk fiber formation to that of spiders 41.
In the silk gland, micellar-like structures are formed because of the aggregation of the
proteins under a remarkably high concentration, and then β-sheet crystals are formed due
to the shear forces imposed as the protein liquid flows along the duct and as well as

79
chemical changes in the solution11,36,37,29,30,31,32,33,34,35,38. The protein structure in the fiber
occurs by pulling the fiber out of the spigot of spider or the mouth of silkworm to further
increase the shear stress39,40. Additionally, the silkworm fibroin heavy chain, enriched in
poly GX and comprising 70% of the silkworm fiber, has similar β-sheet structures to spider
dragline silk. These biological similarities make silkworms a potential host to produce
“synthetic” spider silk-like fibers.
The transposase-based piggyBac system is the dominant method for the delivery of
exogenous genes into silkworms150,172,78. The synthetic spider silk gene A2S8 has been
successfully incorporated into transgenic silkworms using the transposon-based piggyBac
system127. The expression of that spider silk protein gene in transgenic silkworms was
driven by an exogenous FibH enhancer and promoter, resulting in limited incorporation of
spider silk protein into cocoons, although the resulted chimerical silkworm/spider silk
fibers had improved mechanical performance compared to natural silkworm fibers 127. The
random integration of transgenes by the transposon-based piggyBac system can also lead
to gene drifts and uncontrollable gene amplifications in the transgenic genome, which make
transgene expression unpredictable136,137. Thus, genomic editing techniques for creating
transgenic silkworms need further development to overcome these disadvantages of the
transposon-based piggyBac system.
Recently, new genome editing techniques, zinc finger nuclease (ZFN), transcription
activator-like effector nucleases (TALEN) and clustered regularly interspaced short
palindromic repeats with a bacterial CRISPR-associated protein-9 (CRISPR/Cas9) system,
have been used to generate double-strand breaks (DSBs) at precise sites in the target
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genome, facilitating investigations of genes of interest in vivo or in vitro173. Most doublestrand breaks (DSBs) can be repaired by non-homologous end joining (NHEJ) or
homologous recombination (HR)146. Homologous recombination (HR) has a low efficiency
but enables precise repairs. Non-homologous end joining (NHEJ) is relatively highly
efficient but potentially with error-prone repairs146, which can lead to loss of gene function.
Therefore, it has been preferred to study loss of gene functions after NHEJ and to deliver
exogenous genes at a defined locus by HR to maintain protein function. It is still a problem
to integrate a large expression cassette by HR due to the design limitations of efficient
homologous arms (usually the larger the gene, the longer the homologous arms). It was
recently reported that NHEJ had been successfully used to insert a large expression cassette
(15 kb) at a precise site in the genome of target human cell lines146.
The applications of genome editing techniques in silkworms has been limited to
mutagenesis caused by minor insertions/deletions from spontaneous NHEJ or large
chromosomal deletions136. The gene BmBLOS2 is frequently selected as a target site for
CRISPR/Cas9 gene disruptions in the silkworm genome, since mutagenesis of this locus
leads to a transparent ‘oily’-appearing cuticle in the silkworms172,136. The mutagenesis of
the fibroin heavy chain by ZFN showed a smaller and empty silk gland in transgenic
silkworms123. In our research, the synthetic spider silk gene, major ampullate spider silk
protein gene MaSp1, has been successfully integrated at the sixth intron of fibroin light
chain (FibL) in transgenic silkworms through optimized silkworm-specific CRISPR/Cas9
system initiated NHEJ. Our results demonstrate that the transgenic silkworms produced
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transgenic silkworm/spider silk fibers with improved mechanical properties comparable to
natural spider silk.
3.2

Material and Methods

3.2.1

The design of the CRISPR/Cas9 system
Two gRNAs (g5 and g6) were designed to target the 6th intron of fibroin light chain

(FibL) of silkworm gland (Table 3-1). The gRNAs were sub-cloned into the pGEM -T
easy vector under the control of the silkworm specific U6 (sU6) promoter via Gibson
Assembly. The expression vectors of the CRISPR/Cas9system (pGEM -T-sU6-sgRNA
and pIExTM-1-eGFP-cas9) were generated in Dr. Lewis’ lab. The synthesized sequences of
g5 and g6 are showing in Table 3-1.
3.2.2

The design of the light chain non-homologous end joining (LC-NHEJ) donor
Table 3-2 shows the primers used for the construction of LC-NHEJ donor. The gene

fragments of [MASP1] 6 had been cloned into pBluescript SK (+) with HindIII and BamHI
(NEB) to produce pSK-MASP1 (6). The N-terminal region of silkworm FibL from a part
of the 6th intron/7th exon (NTD) was sub-cloned into pSK-MASP1 (6) (using KpnI and SalI
sites) to form the pSK-NTD-MASP1 (6) vector. The enhanced green fluorescence protein
gene (eGFP) was cloned right after the NTD using SalI and HindIII sites to produce pSKNTD-eGFP-MASP1 (6). The C-terminal region of silkworm FibL (CTD) includes part of
7th exon and almost all of the C-terminal non-coding region. It was sub-cloned into the
CTD at BamHI and SacI sites to produce the final LC-NHEJ-Donor, pSK-NTD-eGFPMASP1 (6)-CTD.
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3.2.3

Electroporation of silkworm eggs
For details of the electroporation protocol please see the methods used in Chapter

2 HC-NHEJ project. The vectors of the optimized CRISPR/Cas9 system and LC-NHEJ
donor were prepared by midi/maxi-preps (QIAGEN).
3.2.4

Genome: junction testing in transgenic silkworm moths
Table 3-3 shows the primers used for genome: junction testing. Genomic DNA was

extracted from G1 (second generation) transgenic moths using the E.Z.N.A TM Insect DNA
Isolation Kit (Omega Bio-Tek, C0926-01). The 3ʹ- and 5′-end genome: transgene junction
sequences were amplified using the designed primers. The first PCRs were performed with
NEBNext® High-Fidelity 2X PCR Master Mix (NEB) and the second PCRs were
performed using Taq PCR Master Mix Kit (Qiagen) after purification of the first-time PCR
products by gel extraction (Qiagen). Amplified fragments were gel-purified (Qiagen) and
cloned into pGEM®-T easy vector system for sequencing (Promega). The sequencing data
was analyzed by the Blast program of the NCBI.
3.2.5

Analysis of the gland proteins
The adult silkworms were dissected on the third day of the fifth larval-stage to

remove their silk glands. The glands were treated with 1 × PBS and then stored at -80 °C.
For analysis the middle gland proteins were homogenized with 2 × SDS lysis buffer (3 %
SDS, 6 M urea, 40 mM Dithiothreitol, 10 % w/v Glycerol, 0.01% Bromophenol blue, 62.5
mM Tris-HCl pH 6.8), boiled at 95 °C for 15-20 min and loaded onto 4-20 % gradient gels
(Thermo) at 100 V for 1.5 h. Proteins were transferred to a PVDF membrane after gel
separation (Bio-Rad). Primary antibodies were commercial the eGFP-specific antibody
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(Thermo Scientific, cat#: MA1-952), and dsRed2 antibody (Santa Cruz  Biotechnology,
sc-101529). The secondary antibody was Anti-Mouse IgG (H+L), HRP Conjugate
(Promega, W4021). All antibodies were diluted in blocking buffer (1 × TBST with 5 %
nonfat dry milk) according to the manufacturer’s instructions. Antibody-antigen reactions
were performed with the one-step ultra TMB blotting solution (Pierce, Thermo Scientific).
Table 3-1 gRNA target sites in the LC-NHEJ project
Name
Target Sequence
g5 GAGATATAATTTAAAGTTCT
g6 GAGCTTAAGTCTCATAGTGA

Genome Location
M76430.1:13858-13871
M76430.1:13880-13898

Table 3-2 Primers for the construction of LC-NHEJ donor
Name
KpnI-13461-L-F
SalI-14090-L-R
eGFP-SalI-F
eGFP-HindIII-R
BamHI-14091-R-F
SacI-14600-R-R

Sequence(5'- 3')
ATAGGTACCCCGGTTGCTCAAGTGTTCCACC
ATTGTCGACGTCATTACCGTTGCCAACGCCTC
ATAGTCGACGTGAGCAAGGGCGAGGAGCTGTTCACC
GCAAGCTTCTTGTACAGCTCGTCCATGCCGAGAG
ATAGGATCCTGCGACCGGCTTAGTTGCTAATGCTC
ATAGAGCTCGTACCCACTGTCCAATCCACCGTC

Table 3-3 Primers for the genome: junction testing in the genome of transgenic moths
Name
LC-NHEJ-LJ13201-F
LC-NHEJ-LJ13389-F
LJ-R1
LS-R
PSK-F
PSK-F2
LC-NHEJ-RJ14589-R
Sac1-14600-R-R

Sequence(5'- 3')
AAGATGGATCAAACTGCACACGGTGTGC
AAGAGATTGTACAACTCTCGCAACAGCC
GTAAACGGCCACAAGTTCAGC
TACGGCAAGCTGACCCTGAA
GGGCGATCGGTGCGGGCCTC
TACGACTCACTATAGGGCGA
CCAATCCACCGTCTTTGGGT
GACGGTGGATTGGACAGTGGGTAC

Primer Combinations for PCRs
First-time Forward Primer
Secondary-time Forward Primer
Secondary-time Reverse Primer
First-time Reverse Primer
First-time Forward Primer
Secondary-time Forward Primer
Secondary-time Reverse Primer
First-time Reverse Primer
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3.2.6

Mechanical Testing and Analysis of Silk Fibers
The details of testing the mechanical properties of the transgenic silkworm/spider

silk fibers please see the methods used in Chapter 2 HC-NHEJ project.
3.3

Results

3.3.1

Construction of the CRISPR/Cas9 system and fibroin light chain (FibL) NHEJ
donor, LC-NHEJ donor
The coding region of cas9 was driven by the hr5 enhancer and IE1 promoter in the

pIE-1 vector to make sure that cas9 was expressed well in BmN cells and silkworms. The
U6 promoter specific for silkworm (sU6) was used to drive the expression of FibL gRNAs,
g5 and g6. To preclude the effects of error-prone repairs by NHEJ, the sixth intron of FibL
was chosen as the gRNA specific target site (Figure 2). Thus, the gene transcription and
protein expression of the LC-NHEJ donor construct were not affected by mutagenesis of
the sixth intron of FibL since the intron would be spliced out anyway. Figure 3-1 shows the
N- and C-terminal regions of FibL for LC-NHEJ donor construction. In the construction of
the LC-NHEJ donor, the N-terminal region of FibL (LC-NTD) included the whole sixth
intron flanked by part of the fifth and seventh exons. The C-terminal region of FibL (LCCTD) involved the whole 7th exon and the stop codon of FibL (Figure 2). The enhanced
green fluorescence eGFP gene was used as an indicator to track the expression of the LCNHEJ construct (Figure 3-2). No exogenous enhancer or promoter of FibL was added to
the construct of the LC-NHEJ donor so that the transgene cassette can only be expressed
by the endogenous FibL enhancer and promoter. The pBlueScript  vector was chosen to
shuttle the construct because its original enhancer or promoter has no function in the
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genome of BmN cells and silkworms. It is noteworthy that the gRNA target site, the sixth
intron, was constructed into the LC-NHEJ donor. That means the optimized silkwormspecific CRISPR/Cas9system can create DSBs at the defined locus both in the genome of
FibL and the LC-NHEJ construct. The linearized shuttle vector, the LC-NHEJ construct,
can be inserted into FibL at the DSBs through NHEJ (Figure 3-2). The transgenic
silkworms transformed with MaSp1-6 repeats were named LCA6.

P25

P25

HC-N

HC-N
Crispr/Cas9 system
LC-NHEJ Donor
HC-M

HC-M

LC-NTD
eGFP
MaSp1

LC
HC-C

LC
LC-CTD

HC-C

Figure 3-1 The schematic of the engineered fibroin light chain with synthetic spider silk
gene MaSp1 LC: fibroin light chain; LC-NTD: N-terminal of fibroin light chain
(M76430.1:13461-14090); LC-CTD: the C-terminal of fibroin light chain
(M76430.1:14091-14600); HC-N: the N-terminal of fibroin heavy chain; HC-M: the
repetitive region of fibroin heavy chain; HC-C: the C-terminal of fibroin heavy chain.
MaSp1: the synthetic spider silk gene (MaSp1-6 times).
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FibL

Exon 7

Exon 1

FibL

CCAAGAACTTTAAATTATATCTACGCGACCATCACTATGAGACTTAAGCT
Crispr/Cas9 system
NTD

eGFP

MaSp1-6

CTD

PSK

Non-homologous end joining
FibL

Exon 1

NTD

eGFP

MaSp1-6

CTD

FibL
PSK

Figure 3-2 Schematic illustration of the LC-NHEJ strategy Two gRNAs targeted to the 6 th
intron of fibroin light chain. NTD and CTD were originally amplified from the fibroin light
chain gene and then cloned into pBlueScript . eGFP and the synthetic spider silk gene
(MaSp1-6 times) were also sequentially cloned into pBlueScript . The whole segment of
LC-NHEJ donor would be ligated into fibroin light chain after the generation of DSBs in
the 6th intron of FibL genome.

3.3.2

The identification of transgenic silkworms
The mature silkworm-specific CRISPR/Cas9 system and LC-NHEJ donors were

delivered into fresh silkworm eggs (1-2 h after spawning) through electroporation
(silkworm strain: Haoyue). The G0 (first generation) transgenic worms were fed with
cooked mulberry chow till the last day of the fifth larval-stage. The transgenic G 0 cocoons
with pupae inside emitted green fluorescence under the excitation of UV light. These G 0
transgenic moths from the transgenic cocoons were raised in order to lay the G 1(second
generation) transgenic eggs. The hatched G1 transgenic worms were raised to spin G1
transgenic cocoons under the same conditions as their parents in a room with specific light
(12-hour light vs.12-hour dark) and humidity (60-80 %) conditions. The G 1 transgenic
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silkworm/spider silk fibers emitted green fluorescence (Figure 3-3) and the green
fluorescence protein eGFP gene was detected in the genome of G 1 transgenic moths after
spawning (Figure 3-4). PCR investigation of the left and right genome: junction showed
that the LC-NHEJ construct had been successfully inserted at the expected FibL locus in
the genome of transgenic moths. (Figure 3-5 and 3-6). These results indicated that the
eGFP-tagged synthetic spider silk protein MaSp1 gene had been successfully incorporated
at the FibL target site and was stably inherited through G0 to G1 under the control of the
endogenous FibL enhancer and promoter.

A-1

A-2

B-1

B-2

A-3

A-4

B-3

B-4

Figure 3-3 The transgenic silkworm/spider fibers emitted green fluorescence after
excitation during confocal microscopy A: Control, non-transgenic silkworm fiber; B:
LCA6 transgenic silkworm/spider fiber; A-1 and B-1: Green fluorescence; A-2 and B-2:
Natural light; A-3 and B-3: the combination of green fluorescence and natural light; A-4
and B-4: Blanks.
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Figure 3-4 The detection of eGFP in the genome of transgenic moths 1, 2, 3 and 5: the
genome samples of transgenic moths in LCA6; M: Gene ruler 1kb plus DNA ladder.
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Figure 3-5 The detection of left genome: junction in the transgenic moths 1: the left
junction PCR product of LCA6; M: Gene Ruler 1kb plus DNA ladder.
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Figure 3-6 The detection of right genome: junction of the transgenic moths 1, 2, 3 and 5:
the genome samples of transgenic moths in LCA6. M: Gene ruler 1kb plus DNA ladder.

3.3.3

The qualitative detection of the transgenic silkworm/spider protein
The G1 transgenic silkworms were dissected at day 3 of the 5th larval stage. The

protein from the silk gland was dissolved in 6M urea and then subjected to Western blot
analysis after denaturation (100 °C, 5-10 min). The synthetic spider protein MaSp1 tagged
with eGFP showed indistinct bands in the Coomassie blue stained SDS-PAGE (Figure 37A Lanes 1 and 2); however, the proteins were identified using the anti-eGFP primary
antibody, in the Western blot (Figure 3-7 Lanes 1’ and 2’). These results demonstrated that
the synthetic spider protein MaSp1was successfully inserted into the fibroin light chain to
form a chimeric silkworm/spider protein with a molecular weight at about 130 kDa (Figure
3-7). The stronger bands at 60kDa are either due to translation pauses or cleaved spider silk
protein MaSp1 which occurred during the process of dissolution.
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Figure 3-7 The detection of eGFP protein in the transgenic silk glands of LCA6 by Western
blot A: Coomassie blue stained gel; B: Western blot. M: protein marker; 1 and 1’: negative
control; 2, 2’ and 3, 3’: transgenic silk glands of LCA6; 4 and 4’: non-transgenic silk glands.
The arrows showed the anti-eGFP positive bands indicating the presence of the synthetic
spider silk protein MaSp1 in LCA6.

Table 3-4 The mechanical performance of the transgenic silkworm/spider fibers in LC-A6
groups
Control Non-Transgenic
n=57
Average
SD

3.3.4

LCA6 Transgenic
n=26
Average
SD

Native Dragline
n=24
Average
SD

Diameter (µL)
Maximum stress (MPa)
Maximum strain (%)
Elastic Modulus (GPa)

9.39
510.99
20.5
8.73

1.15
160.51
8.1
2.45

7.90
781.45
20.09
15.95

1.07
134.97
7.93
7.02

2.41
1432.99
11.06
12.56

0.48
336.42
3.73
8.21

Energy to Break (MJ/m3 )

77.29

38.99

105.97

55.88

77.45

34.85

The stress vs. strain analyses of the transgenic silkworm/spider fibers
Transgenic silkworm/spider silk fibers (in the G1 LCA6 group) were analyzed by

mechanical testing after degumming under the same testing conditions as the control, nontransgenic group (22-25°C and 40% humidity). The stress vs. strain results showed that the
transgenic silkworm/spider silk fiber had better mechanical properties compared to fibers
in the control group (Figure 8 and Table 1). The average maximum stress of the transgenic
silkworm/spider silk fibers were 781.45 MPa, over 50 % higher than that of the control
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fibers at 510.99 MPa (Figure 3-8A and Table 3-1). The average elastic modulus of the
transgenic silkworm/spider silk fibers are at 15.95 GPa, 83 % higher than that of the control
fibers at 8.73 GPa (Figure 3-8C and Table 3-1). The average energy to break of the
transgenic silkworm/spider silk fibers are at 105.97 MJ/m^3, 37 % higher than that of the
control fibers at 77.29 MJ/m^3. These results demonstrated that the transgenic
silkworm/spider silk fibers are much stronger in the G1 LCA6 group than the control fibers,
although there is no improvement of the average maximum strain in the transgenic group.
The very best maximum stress values of the transgenic silkworm/spider silk fibers were
1204 and 1475 MPa. These mechanical properties are close to the values for native spider
dragline silk (N. clavipes) with maximum stress of 1375 MPa (data collected under the
same testing conditions as the transgenic silkworm/spider silk fibers) (Figure 3-9).
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Figure 3-8 The mechanical properties of the transgenic silkworm/spider silk fibers in the
second generation of LCA6 group Control: a non-transgenic group with n = 57; LCA6: the
second generation of the transgenic silkworm/spider silk fibers with MaSp1-6 (n = 26).
**P<0.001.
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Figure 3-9 The Stress vs. Strain of the mechanical properties of the degummed transgenic
silkworm/spider silk fibers in LCA6 and in the control group Silk fibers from native and
transgenic silkworms were tested under equivalent conditions. 1: the control (nontransgenic) fibers, 489 MPa; 2: the median transgenic silkworm/spider silks from the
second generation of LCA6 group, 776 MPa; 3 and 4: the best transgenic silkworm/spider
silks for extension and tensile strength respectively from the second generation of LCA6
group, 1204 and 1475 MPa; 5: native spider dragline silk (N. clavipes), 1375 MPa. n = 26.

3.4

Discussion
The traditional methods used to create transgenic silkworms spinning transgenic

silkworm/spider fibers have mainly relied on random integrations of transposon-based
piggyBac system150. The exogenous spider silk protein genes usually have uncontrollable
expression patterns in transgenic silkworms due to the random integrations. Additionally,
in the piggyBac-based transgenic silkworm, the exogenous genes were usually expressed
under foreign promoters, limiting the incorporation of spider silk proteins in the transgenic
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silkworm/spider silk fibers127. These disadvantages limit the improvement of the
mechanical properties of the transgenic silkworm/spider silk fibers. Recently, precise
genome editing techniques provided a practical way to overcome the disadvantages of the
random integrated piggyBac system. The genome editing technology based on the
CRISPR/Cas9 system, was used in this study to generate double strand breaks (DSBs) at
precise sites in various hosts173. The double strand breaks are usually repaired by two
independent pathways: homology-directed repair (HDR) and non-homologous end joining
(NHEJ)174. Compared to the low efficiency but high precision of HDR, NHEJ is highly
efficient but subject to mutations174. These two repair mechanisms were used to deliver
exogenous genes into desired hosts and investigate the functions of interested genes 146,145.
In our study, the synthetic spider silk protein gene MaSp1 was successfully inserted at a
defined site in the FibL gene through optimized CRISPR/Cas9 initiated NHEJ. Expression
of the exogenous spider silk protein MaSp1 was driven by the endogenous FibL enhancer
and promoter ensuring genetic stability and improved yield.
The silk of the silkworm, Bombyx mori, consists of a heavy (H) chain (about 350
kDa), a light (L) chain (about 25 kDa) and the P25 protein (about 27 kDa), with a molar
ratio of 6:6:166,67,68,69. There are disulfide bonds between each H-chains and each L-chains
at Cys-172 of the L-chain and Cys-20 of the H-chain70. Due to its small molecular weight
the fibroin light chain of silkworm is more easily manipulated than the fibroin heavy chain
(about 350 kDa), although, the fibroin light chain has 7 exons with 6 introns that makes its
alternative splicing potentially more complex. In this research, the target sites of gRNAs
of the optimized CRISPR/Cas9 system were located in the sixth intron, allowing tolerance
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for the potentially error-prone repairs generated during NHEJ. The CTD of the LC-NHEJ
donor included the whole seventh exon and the stop codon of the native fibroin L-chain
gene to insure that the encoded Cys-172 is available to form the required disulfide bond
with Cys-20 of the H-chain70.

Figure 3-10 The schematic model demonstrating the formation of the composite
silkworm/spider silk fibers in the G1 LCA group The synthetic spider ampullate silk gene
MaSp1 has been incorporated into the fibroin light chain of silkworms through
CRISPR/Cas9 initiated non-homologous end joining. The donor plasmid (LC-NHEJ vector)
has MaSp1 and an enhanced green fluorescence gene eGFP flanked by part of the fibroin
light chain as N-/C- terminals. The transgenic silkworms expressed spider ampullate
dragline silk protein and as a part of the silk fibroin light chain proteins. Transgenic
silkworm/spider silk fibers can emit green fluorescence protein so that can be identified
from non-transgenic silkworm fibers.
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The transgenic silkworm/spider silk fibers from the G1 LCA6 group emitted green
fluorescence under confocal microscopy demonstrating the corporation of eGFP and the
presence of the synthetic spider silk protein MaSp1. The PCR results of genome: junction
testing clearly showed the LC-NHEJ donor constructs were inserted into the desired target
sites through CRISPR/Cas9 guided NHEJ. The transgenic spider silk protein, with the
molecular weight at about 160 kDa, binds to primary antibody anti-eGFP as shown in the
Western blots, indicating expression of the synthetic spider silk protein MaSp1. The
transgenic silkworm/spider fibers showed superior mechanical performance in stress strain
testing. Due to integration of the spider silk protein MaSp1 in the FibL of transgenic
silkworm/spider fibers, the average maximum stress in LCA6 group is about 50% higher
compared to the control group. The best transgenic silkworm/spider fibers have mechanical
properties similar to native spider dragline silk fibers (Figure 9). The spider silk protein
MaSp1 is enriched in b-sheets, which leads to an increase in the maximum stress and elastic
modulus of transgenic silkworm/spider fibers. MaSp1 also has the secondary structure GlyII-helixes which might improve the strain. It is thus a surprise that the average maximum
strain of the transgenic silkworm/spider fibers is similar to that of the control group. The
reason might be because the strain of the silkworm silk fibers is mainly dependent on the
conformation of fibroin heavy chain which still is the predominant protein. This is
supported by the mechanical properties of transgenic silkworm/spider fibers in the heavy
chain non-homologous end joining (HC-NHEJ) project (Chapter 2) which show a similar
pattern. A portion of the original heavy chain was replaced by the synthetic spider silk
protein MaSp1 or MiSp1 in the transgenic silkworm/spider fibers. Both the maximum

96
stress and strain increased in the transgenic silkworm/spider fibers in the HC-NHEJ project
due to the combination of the secondary structure b-sheets and 310-helixes in MaSp1 or
MiSp1. Compared to MiSp1, MaSp1 combines longer 3 10-helixes that increases the
maximum strain in the HCA group compared to that in the HCI group. The arrangement of
amino acids in the spider silk proteins MaSp1 and MiSp1 are similar to that of the native
fibroin heavy chain of silkworm silks which allows them to be integrated in to the silk
fibers without major disruptions.
In the light chain non-homologous end joining (LC-NHEJ) project, more b-sheets
of spider silk protein MaSp1 have been integrated into the fibroin light chain, with no
change of fibroin heavy chain in the transgenic silkworms. Besides, 3 10-helixes of MaSp1
have been incorporated into the transgenic silkworm/spider fibers in the LCA6 group
where there is no 310-helixes in the original silkworm silks. In the HC-NHEJ project
(Chapter 2), the b-sheets of the original heavy chain have been replaced by spider silk
protein with the secondary structure b-sheets and 310-helixes of the spider silk protein
MaSp1 and MiSp1. Overall, the mechanical properties of the transgenic silkworm/spider
fibers in LCA6 group are better than that in the HCA or HCI group. The average maximum
stress in the G1 LCA6 group is about 800 MPa, a 20% improvement over the G 0 HCA and
G1 HCI groups (650 and 667 MPa, respectively). That indicated the mechanical properties
of transgenic silkworm/spider protein fibers can be improved by the increased b-sheets and
310-helixes provided by the spider silk proteins.
Alternative splicing in the FibL gene could lead to various expression patterns of
the integrated spider silk gene MaSp1. It also can make a change in the protein

97
conformation of transgenic silkworm/spider fibers that affects their mechanical properties.
As mentioned before, the fibroin light chain has seven exons while the fibroin heavy chain
only has two exons in the silkworm genome. In the LC-NHEJ project, the spider silk gene
MaSp1 was integrated at the seventh exon of FibL gene that makes an MaSp1 fusion on
the C-terminal end of the FibL gene. The C-terminal exon with the fusion to MaSp1 should
be always expressed no matter which kind of alternative splicing happened in the FibL
gene of the transgenic silkworm genome. However, in the HC-NHEJ project, the nonhomologous insertion of the gene cassette with MaSp1 or MiSp1 generated a new FibH Cterminal without destroying the original FibH C-terminal in the transgenic silkworm
genome. During alternative splicing, either the new or the original FibH C-terminal has a
chance to be expressed while only expression of the FibH C-terminal with spider silk
protein will improve the mechanical properties of transgenic silkworm/spider fibers. This
may explain the increased mechanical properties of the LC-NHEJ fibers.
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CHAPTER 4
LIGHT CHAIN HOMOLOGOUS RECOMBINATION PROJECT
(LC-HR PROJECT)

Abstract
To explore the expression of an exogenous gene under the control of the
endogenous enhancer and promoter of fibroin light chain of silkworm, an enhanced green
fluorescence protein (eGFP) was incorporated into the fibroin light chain of silkworm by
CRISPR/Cas9 initiated homologous recombination. The optimized silkworm-specific
CRISPR/Cas9 system and exogenous gene (eGFP) donors were delivered into fresh
silkworm eggs by electroporation. The transgenic fibers emit green fluorescence indicating
the eGFP gene was expressed in the transgenic silkworm. The PCR results of the genome:
junction testing shows that the eGFP gene was successfully inserted into the fibroin light
chain gene at the expected sites in the third exon of the gene.
Key words: the optimized CRISPR/Cas9 system, homologous recombination, fibroin light
chain
4.1

Introduction
The traditional methods used to create transgenic silkworms are usually dependent

on transposon-based piggyBac system150,151,175,176. The transposon-based piggyBac system
can efficiently transpose exogenous genes between vectors and chromosomes 150. The
exogenous genes are integrated into TTAA chromosomal sites via a ‘cut and paste’
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mechanism150. Exogenous enhancers and promoters need to be constructed in the piggyBac
vectors to drive the expression of the desired genes in transgenic silkworms 150,177. The
promoter of the sericin gene (Ser1) was used in piggyBac-based vectors to drive expression
of the exogenous genes in the silk glands of transgenic silkworms 151 . The expression of
an exogenous gene in the sericin layer is unlikely to improve the mechanical properties of
the transgenic fibers because sericins are hydrophilic and usually removed from the
silkworm silk fibers by degumming in hot water178,179 prior to use. The genetic engineering
of fibroin, including the fibroin heavy chain (~350 kDa) and light chain (~25 kDa) 178, can
make the mechanical properties of transgenic silkworm silk fibers different from the native
silkworm silk fibers. By using an exogenous enhancer and promoter of the fibroin heavy
chain, an exogenous synthetic spider silk protein gene was successfully incorporated into
the silkworm glands in the piggyBac-based transgenic silkworms 127. The resulting chimeric
silkworm/spider silk fibers demonstrated improved mechanical properties compared to the
parental non-transgenic silkworm fibers127. The transposon-based piggyBac system has the
limitation of random integration leading to unexpected expression patterns, and the
addition of an exogenous enhancer and promoter in the construction of the piggyBac vector
may lead to genetic instability in the transgenic silkworms
To overcome limitations of the traditional methods used for creating transgenic
silkworms, in our research, we used the endogenous enhancers and promoters of the fibroin
light chain (FibL) to drive the expression of exogenous genes in transgenic silkworms
generated through the genome editing technique CRISPR/Cas9 triggered homologous
recombination. The CRISPR/Cas9 system can cause double strand breaks (DSBs) at the

105

target sites in universal hosts173. The DSBs are spontaneously repaired in vivo through
homologous recombination (precise but low efficiency) or by non-homologous end joining
(high efficiency but error-prone)146. Homologous recombination has been preferentially
used for delivering exogenous genes into desired hosts due to its precise repair
mechanism180,181. In our research, the enhanced green fluorescence protein eGFP gene was
inserted into the third exon of the FibL gene through homologous recombination at the
precise site of the DSB generated by the optimized CRISPR/Cas9 system. The transgenic
silk fibers emit green fluorescence indicating the exogenous eGFP gene was successfully
expressed under the endogenous enhancer and promoter of the fibroin light chain gene.
4.2

Material and Methods

4.2.1

Construction of the CRISPR/Cas9 system and LC-HR donor
Two gRNAs were designed to target the third exon of the fibroin light chain (Table

4-1). For the details and methods for construction of the CRISPR/Cas9 system please see
chapter 2. The sequence of the gRNAs (GA51 and GA52) for the CRISPR/Cas9 system
are as follows.
Table 4-1 gRNA target sites in the LC-HR project
Name
GA51
GA52

Target Sequence
TAATCTCACGTCGATGGGAC
GCAAGTCAAGCATCAGCGG

Genome Location
M76430:10537-10556
M76430:10638-10657
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TAATCTCACGTCGATGGGACTACGTCAG------GCGATTATGCAAGTCAAGCATCAGCGG

The target sites of gRNAs of Crispr/cas9 system

FibL

-10668-11502-

-9811-10550-

Exon 2

Exon 3

FibL

Exon 4

-10668-11502-

-9811-10550-

egfp

Exon 4

PSK

Homologous Recombination

FibL

-10668-11502-

-9811-10550-

egfp

Exon 2

FibL

Exon 4

Figure 4-1 The schematic illustration of LC-HR strategy The target sites of gRNAs of
CRISPR/Cas9 system were located at the middle of the third exon of fibroin light chain.
The left and right homologous arms were from M76430.1:9811-10550 and
M76430.1:10668-11502, respectively. Both the left and right homologous arms and the
gene of enhanced green fluorescence protein eGFP were cloned in the pBluescript II SK
(+) vector.

Natural
light
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A-2

B-1

B-2

Figure 4-2 The transgenic cocoons emit green fluorescence under the UV excitation A-1:
the transgenic cocoons under visible light; A-2 the transgenic cocoons under UV light; B1: the non-transgenic cocoons under visible light; B-2: the non-transgenic cocoons under
UV light.
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Figure 4-3 The transgenic cocoon fibers emit green fluorescence under confocal
microscopy A: the control silkworm silk fibers; B: the transgenic silkworm silk fibers
A-1and B-1: green fluorescence; A-2 and B-2: visible light; A-4 and B-4: the merged
images of visible light, green and red fluorescence; A-3 and B-3: the merged images of
visible light and green fluorescence; A-4 and B-4: Blanks.
Table 4-2 Primers for LC-HR donor construction
No.
1
2
3
4
5
6

Name
KL-F
KL-R
KeGFP-F
KeGFP-R
KR-F
KR-R

Sequence(5'- 3')
GCCTCGAGTCCAGAAGCTCTGACTGATC
GCCTGCAGTGCACGTGAGATTACGGAAC
AATCTGCAGGTGAGCAAGGGCGAGGAGCTGTTCA
ATAACTAGTCTTGTACAGCTCGTCCATGCCGAGA
GTAACTAGTGCCGGAATTATCGCCCATCTATCTG
ATAGAGCTCTTTGTCCCACGTGTCCGAAGAAGGG

Restriction Site(s) added
XhoI
PstI
PstI
SpeI
SpeI
SacI

Template DNA
Silkworm Genome DNA
Silkworm Genome DNA
piggBac 1379 plasmid
piggBac 1379 plasmid
Silkworm Genome DNA
Silkworm Genome DNA

Origin (from NCBI)
M76430:9811-9830
M76430:10531-10544

M76430:10668-10692
M76430:11478-11502

Table 4-2 shows the primers used for the construction of the LC-HR donor. The methods
for the LC-HR vector construction followed the traditional restriction digestions and
ligations after the purification of each step. The vector construction used pBluescript II SK
(+) as the vector backbone. The reagents and kits used for these constructions are the same
as described in Chapter 2.
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Table 4-3 Primers for the genome: junction testing in the transgenic silkworm moths
No.

Name

Sequence(5'- 3')

Primer Combinations for PCRs

1

LS-F1 CCACGCGACATTGATGATGG

2

LS-R

TTCAGGGTCAGCTTGCCGTA

3

LJ-F1

GACGTCAATGGCACCGACTA

4

LJ-R1 GCTGAACTTGTGGCCGTTTAC

5

LS-F

ACTACCAGCAGAACACCCCC

6

LS-R1

ATCCCGTGATGAAACGATCA

7

RJ-F1

GAGCAAAGACCCCAACGAGA

8

RJ-R1

AAAGCCAAGGTGAATCGGGT

Origin (from NCBI)

Primer 1 and 2 used for the first time (1st) PCR of Right Junction Tests (RJT)

Primer 3 and 4 used for the secondary PCR of RJT

Primer 5 and 6 used for the first time (1st) PCR of Left Junction Tests(LJT)

Primer 7 and 8 used for the secondary time PCR of LJT

M76430:9304-9323
NTD of eGFP Sequence
M76430:10334-10353
NTD of eGFP Sequence
CTD of eGFP Sequence
M76430:11831-11850
CTD of eGFP Sequence
M76430:11029-11048

LC-HR Left Junction Sequence

NTD of eGFP

PstI

M76430:10144 - 10547

LC-HR Right Junction Sequence

M76430:10668 - 10958

SpeI

CTD of eGFP

Figure 4-4 The genome: junction testing of G0 transgenic moths The sequencing results
shows the genome: junction of the eGFP and fibroin light chain. The LC-HR left junction
sequence: the genome: junction of the C-terminal left homologous arm of fibroin light
chain (M76430.1:10144-10547) and part of the N-terminal section of eGFP, with the Pst
restriction. The LC-HR right junction sequence: the genome: junction of the N-terminal
right homologous arm of fibroin light chain (M76430.1: 10668-10958) and part of the Cterminal of eGFP, with the Spe restriction.

4.2.2

The genome: junction testing in the genome of transgenic silkworm moths
Table 4-3 shows the primers used for the genome: junction testing. The genome of

G0 transgenic moths was extracted after oviposition using the E.Z.N.A TM Insect DNA
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Isolation Kit (Omega Bio-Tek, C0926-01). DNA was digested with Sau3AI and
circularized by ligation for 30 min at 16 °C. The 3ʹ- and 5′-end genome: transgene junction
sequences were amplified using the designed primers. The first-round PCRs were
performed with NEBNext® High-Fidelity 2X PCR Master Mix (NEB) and the secondround PCRs were performed using Taq PCR Master Mix Kit (Qiagen) after purification of
the first time PCR products by gel electrophoresis and extraction. Amplified fragments
were gel-purified and cloned into pGEM ® -T easy vector system for sequencing (Promega).
The sequencing data was analyzed using Blast (NCBI).
4.2.3

Analysis of the mechanical properties of transgenic silkworm fibers
Please see the methods described in Chapter 2.

4.3

Results

4.3.1

The design and construction of the CRISPR/Cas9 system and the fibroin light
hain (LC-HR) donor
The optimization of the CRISPR/Cas9 system for silkworms was designed as a

demonstration leading to the work in Chapter 3. The third exon of FibL was taken as the
target site for the gRNAs of the optimized silkworm-specific CRISPR/Cas9 system. Two
gRNAs target the middle of the third exon leaving part of the 5’ and 3’ ends of the third
exon (Figure 1). The enhanced green fluorescence protein eGFP gene was cloned into
pBluescript II SK (+) flanked by the left and right homologous arms of FibL (Figure 1).
The left and right homologous arms were 740bp and 835bp, respectively, with a ratio of
1:1:1 with the gene of eGFP, which is 720 bp. As long as the optimized CRISPR/Cas9
system generated the DSBs in the third exon of fibroin light chain, the gene of eGFP can
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be inserted into the site of DSBs through homologous recombination to allow the
expression of eGFP to be driven by the endogenous enhancer and promoter of the fibroin
light chain gene (Figure 4-1).
4.3.2

Identification of transgenic silkworms
The silkworms hatched from the electroporated fresh eggs were fed with artificial

food made of mulberry leaves under the same conditions as the control group until cocoons
were spun. The transgenic cocoon fibers emit green fluorescence (Figure 4-2 and 4-3). The
genome of the G0 transgenic moths was extracted and subjected to genome: junction testing
by nested PCRs. The PCR results showed that the eGFP gene had been inserted into the
target site by homologous recombination (Figure 4-4). These results demonstrated that the
eGFP gene was successfully delivered into the expected sites in the third exon and
expressed under the endogenous enhancer and promoter of the fibroin light chain gene.

TAATCTCACGTCGATGGGACTACGTCAG------GCGATTATGCAAGTCAAGCATCAGCGG

The target sites of gRNAs of Crispr/cas9 system

FibL

-10668-11502-

-9811-10550-

Exon 3

Exon 2

Exon 4

FibL

-10668-11502-

-9811-10550-

egfp

Exon 4

PSK

Homologous Recombination

FibL

-10668-11502-

-9811-10550-

Exon 2

egfp

Exon 4

FibL

Figure 4-1 The schematic illustration of LC-HR strategy The target sites of gRNAs of
CRISPR/Cas9 system were located at the middle of the third exon of fibroin light chain.
The left and right homologous arms were from M76430.1:9811-10550 and
M76430.1:10668-11502, respectively. Both the left and right homologous arms and the
gene of enhanced green fluorescence protein eGFP were cloned in the pBluescript II SK
(+) vector.
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Figure 4-2 The transgenic cocoons emit green fluorescence under the UV excitation A-1:
the transgenic cocoons under visible light; A-2 the transgenic cocoons under UV light; B1: the non-transgenic cocoons under visible light; B-2: the non-transgenic cocoons under
UV light.
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Figure 4-3 The transgenic cocoon fibers emit green fluorescence under confocal
microscopy A: the control silkworm silk fibers; B: the transgenic silkworm silk fibers A1and B-1: green fluorescence; A-2 and B-2: visible light; A-4 and B-4: the merged images
of visible light, green and red fluorescence; A-3 and B-3: the merged images of visible light
and green fluorescence; A-4 and B-4: Blanks.
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LC-HR Left Junction Sequence

NTD of eGFP

PstI

M76430:10144 - 10547

LC-HR Right Junction Sequence

M76430:10668 - 10958

SpeI

CTD of eGFP

Figure 4-4 The genome: junction testing of G0 transgenic moths The sequencing results
shows the genome: junction of the eGFP and fibroin light chain. The LC-HR left junction
sequence: the genome: junction of the C-terminal left homologous arm of fibroin light
chain (M76430.1:10144-10547) and part of the N-terminal section of eGFP, with the Pst
restriction. The LC-HR right junction sequence: the genome: junction of the N-terminal
right homologous arm of fibroin light chain (M76430.1: 10668-10958) and part of the Cterminal of eGFP, with the Spe restriction.

4.3.3

The mechanical performance of transgenic fibers with eGFP
The G0 transgenic fibers were subjected to stress vs. strain testing under the same

environmental conditions as the fibers in the control group. The average values of
maximum stress and strain are slightly increased in the transgenic group (Figure 4-5A and
B). The average value of toughness (energy to break) was at 90.06 MJ/m^3, 16.5 % above
that of the control group which was 77.29 MJ/m^3 (Figure 4-5D). The average elastic
modulus in the transgenic group was 7.98 GPa which was slightly decreased compared to
the average value of the control group 8.73 GPa (Figure 4-5C). Analysis of variance for
significant differences of these mechanical properties showed that there is no significant
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improvement of the G0 transgenic fibers compared to that of the control group (Table 4-4).
There are no b-sheets or 310-helixes in the secondary structures of eGFP protein. It is
understandable that the addition of the eGFP in the fibroin light chain is unlikely to improve
the mechanical properties of the transgenic fibers compared to the control (non-transgenic)
fibers.
Control fibers
30
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LC-EGFP
Control
C
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Figure 4-5 The mechanical properties of degummed silk fibers in LC-eGFP group Control
non-transgenic group (n = 57); LC-eGFP: the transgenic group with silkworms transformed
with the eGFP (n = 88). No significance showed up in the mechanical properties of
transgenic fibers compared to non-transgenic fibers.
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Table 4-4 The mechanical performance of the G0 transgenic fibers in LC-eGFP group
Control Non-Transgenic
n=57
Average
SD
Diameter (µL)
9.39
1.15
Maximum stress (MPa)
510.99
160.51
Maximum strain (%)
20.5
8.1
Elastic Modulus (GPa)
8.73
2.45
3
Energy to Break (MJ/m )
77.29
38.99

4.4

LC-eGFP
n=87
Average
SD
10.06
0.88
548.83
142.45
0.23
0.08
9.44
3.04
90.06
42.79

Discussion
The silkworm has been used as the host for the production of various exogenous

proteins182,183,184,185. Recently, the silkworm has drawn attention for the spinning spider of
silk-like fibers because silkworms have s similar fiber spinning process as spiders 178. The
traditional methods used to create transgenic silkworms have some insurmountable
drawbacks. One of the two major disadvantages is that the exogenous enhancer and
promoter used for protein production have a limited ability to express the protein at a high
level in vivo150,127. The other major disadvantage is that the exogenous genes were
incorporated into TTAA chromosomal sites of transgenic silkworms through random
integration which can lead to unexpected expression patterns 150,177. To overcome these
disadvantages, the endogenous FibL enhancer and promoter of the silkworm was used to
drive the expression of an exogenous eGFP gene in our research. The eGFP gene was
successfully inserted at the planned FibL gene site in the silkworm genome by
CRISPR/Cas9 guided homologous recombination. The transgenic fibers emit green
fluorescence indicating that the exogenous eGFP gene was expressed under the control of
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the endogenous FibL enhancer and promoter in transgenic silkworms. To our knowledge
this is the first report of the exogenous eGFP gene being expressed under the endogenous
enhancer and promoter in transgenic silkworms. Although there are no improvements of
the mechanical properties with the incorporation of eGFP protein in the transgenic
silkworm silk fibers the strategy described in this research paved the way to insert
exogenous genes of interest at desired precise sites in the genome of silkworms. Further
studies should focus on investigating the expression of exogenous functional genes, like
synthetic spider silk genes, under the endogenous enhancer and promoter of the light or
heavy chains of transgenic silkworms.
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CHAPTER 5
CONCLUSION
The silkworm was used as the host to spin spider silk-like fibers because of the
similarity of the spinning mechanisms between silkworms and spiders. We optimized the
latest genome editing technology, the CRISPR/cas9 system, to overcome the limitations of
traditional methods for making transgenic silkworms. The expressions of Cas9 and gRNAs
were respectively driven by the IE-1 and silkworm U6 (sU6) promoters in transgenic
silkworms. Several gRNAs were designed to target the intron of the fibroin heavy chain
(FibH) and the exons of the fibroin light chain (FibL) in transgenic silkworm glands. The
double strand breaks (DSBs) created by the optimized silkworm-specific CRISPR/Cas9
system can be repaired through non-homologous end joining (NHEJ) and homologous
recombination (HR). Three projects were designed to express the exogenous genes by
using the endogenous enhancer and promoter of the fibroin heavy or light chain in
transgenic silkworms. The exogenous genes of interest were incorporated at defined loci
of the fibroin heavy/light chain genes and expressed in transgenic silkworm glands.
In the heavy chain non-homologous end joining (HC-NHEJ) project, double strand
breaks were successfully created at the desired site of the FibH intron in both BmN cells
and transgenic silkworms. The efficiency of the optimized silkworm-specific
CRISPR/Cas9 system was approximately 30% in BmN cells. A donor plasmid, HC-NHEJ
donor, was constructed using the pBlueScript  vector as the backbone. The genes of the
synthetic spider silk proteins, major ampullate spider silk protein MaSp1 (with 8 repeats,
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about 8 kb) or minor ampullate spider silk protein MiSp1 (with 8 repeats, about 10kb) were
respectively incorporated into the backbone vector and flanked with the original N-terminal
(NTD) and C-terminal (CTD) of the fibroin heavy chain. To track expression of the
synthetic spider silk genes, the enhanced green fluorescence eGFP gene and the red
fluorescence DsRed gene were directly inserted right before and after the MaSp1 or MiSp
genes in the HC-NHEJ donor. The composite silkworm/spider silk fibers emit both green
and red fluorescence indicating the exogenous genes of the synthetic spider silk protein
MaSp1 and MiSp1 were successfully expressed in their entireties under the endogenous
FibH enhancer and promoter in the transgenic silkworms. Both the eGFP and DsRed
proteins were detected in in the G0 HCA and G1 HCI groups indicating the genetic stability
of the transgenic silkworm lines. The PCR results of genome: junction testing also
demonstrated that the HC-NHEJ donor was specifically inserted at the defined locus of
FibH through the optimized CRISPR/Cas9 triggered NHEJ. More importantly, the
mechanical properties of the composite silkworm/spider silk fibers are significantly
superior to that of the control silkworm silk fibers.
In the fibroin light chain non-homologous end joining (LC-NHEJ) project, two
gRNAs (g5 and g6) of the optimized silkworm-specific CRISPR/Cas9 system were
designed to target the 6th intron of fibroin light chain in transgenic silkworms. The genes
of the synthetic spider silk protein MaSp1 (with 4 or 6 repeats) were cloned into the
backbone of the pBlueScript  vector and were flanked by part of the N-terminal (NTD)
and C-terminal (CTD) gene sequences of the fibroin light chain. The green fluorescence
eGFP gene was added right before the MaSp1 gene to track its expression in the transgenic
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silkworm glands. The G1 composite silkworm/spider silk fibers emit green fluorescence
indicating the presence of the synthetic spider silk protein MaSp1 in transgenic cocoon
fibers, and supporting the genetic stability in the transgenic silkworms. The PCR results of
genome: junction testing also proved that the genes of the synthetic spider silk protein,
MaSp1 (4 or 6 repeats), had been successfully inserted into the precise DSB site of FibL
through CRISPR/Cas9 initiated non-homologous end joining. The mechanical properties
of the G1 composite silkworm/spider silk fibers showed greatly improved mechanical
properties compared to those of the control silk fibers.
In the fibroin light chain homologous recombination (LC-HR) project, two gRNAs
(GA51& 52) were designed to create DSBs at the third exon of the fibroin light chain. The
green fluorescence eGFP gene was cloned into the pBlueScript  vector, flanked by the
left and right homologous arms originally from the fibroin light chain gene of silkworm.
The transgenic silkworm silk fibers emitted green fluorescence indicating the presence of
eGFP. The genome: junction testing results demonstrated that the eGFP gene was
successfully inserted at the selected site of the third exon of fibroin light chain through
homologous recombination. Due to difficulties in designing the proper homologous arms
for the incorporation of large synthetic spider silk genes, no further studies were explored
to make transgenic silkworms hosting the synthetic spider silk genes using HR. It is not
surprising that there is no improved mechanical performance in the transgenic silkworms
of the LC-HR project because there are no insertions of spider silk protein genes. We
predict this project can be improved if large exogenous genes can be delivered into desired
hosts by using short homologous arms.
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Homologous directed recombination (HDR) induced precise mutagenesis has been
widely used for generating genomic deletions and insertions and for making genomic
replacement of DNA fragments in the presence of homologous donor plasmids 186.
Homologous donor plasmids depend on two homologous arms flanked on each side of
interested gene cassettes to guide the homologous recombination. The design of
homologous arms makes it very challenging to achieve the incorporation of large constructs
via HR if not impossible105. Besides, HDR has low intrinsic efficiency because nonhomologous end joining is still the dominant double strand break (DSB) repair pathway105.
The inhibition of NHEJ can increase the efficiency of HDR-mediated genome editing but
the process of inhibition can be harmful to cells and difficult to employ187,188,.
To sum up this dissertation, three projects were designed to investigate the potential
of using silkworms to spin spider silk-like fibers with improved mechanical properties.
Taking advantage of the optimized silkworm-specific CRISPR/Cas9 system, double strand
breaks (DSBs) were created at the target sites of FibH or FibL in the transgenic silkworms.
The repair of DSBs was dependent on non-homologous end joining or homologous
recombination. The genes of the synthetic spider silk protein MaSp1(8 repeats) or MiSp1
(8 repeats) were successfully inserted at the precise site of the FibH in the HC-NHEJ
project. The resulting composite silkworm/spider silk fibers demonstrated outstanding
mechanical performance both in G0 HCA and G1 HCI group compared to the native
silkworm silk fibers. Similarly, in the LC-NHEJ project, the genes of the synthetic spider
silk protein MaSp1 (4 or 6 repeats) were successfully inserted at the defined locus of FibL
through NHEJ. The composite silkworm/spider silk fibers in the LC-NHEJ project also
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showed improved mechanical properties. In the LC-HR project, the eGFP gene was
inserted at the targeted site within the third exon of FibL through homologous
recombination. These results demonstrated that the exogenous genes of interest can be
inserted at defined loci within the FibH or FibL genes through CRISPR/Cas9 initiated
NHEJ or HR. These exogenous genes can be successfully expressed under the endogenous
enhancer and promoter of FibH or FibL in transgenic silkworms stably passed on to
offspring. This is the first report using the endogenous FibH or FibL enhancer and promoter
to express exogenous synthetic spider silk protein genes. The protocols for creating
transgenic silkworms, developed in this doctoral research, should be applicable for
integrating and expressing other exogenous genes into transgenic silkworm glands. Further
studies should focus on incorporating and expressing different types of synthetic spider silk
genes with multiple functions using these protocols.
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APPENDIX A
Commonly used instruments

Name

Model

Manufacturer

PCR instrument

C1000TM

BIO-RAD

Water bath

ANOVA

ANOVA

Floor-type refrigerated centrifuge

6KR Centrifuge

BECKMAN

Desktop refrigerated centrifuge

22R Centrifuge

BECKMAN COULTER

Incubator Shakers

Innova

UV transmission analyzer

Transilluminator 2040 EV

STRATAGENE

Nucleic acid electrophoresis

Mupid-exu

HELIX

Incubator

1525

VWR

Shaker

OS-500

VWR

Particle ice maker

HOSHIZAKI

AMERICA. INC

Gel imaging system

Gel Doc

Confocal Microscope

Vista Vision

VWR

PH instrument

SB90M5

VWR

Ultra-pure water machine

SARNSTEAD NANOpure

THERMO SCIENTIFIC

DNA concentration analyzer

NANODROP2000

THERMO SCIENTIFIC

Sterilization instrument

0302310-15

STERIS

Silk Mechanical performance detector

Synergie 100

MTS

Silk diameter testing instrument

BA310

MOTIC

Mini-shaker

Mini Labroller

LABNET

Cell Incubator

Water-Jacketed Incubator

FORMA SCIENTIFIC

Sterile fume hood

1300-A2

SERIES

TM

TM

4300

EZ Imager

TM

NEW BRUNSWICK SCIENTIFIC

BIO-RAD
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APPENDIX B
Commonly used protocols

1. Ligation Protocol with T4 DNA Ligase (M0202)
https://www.neb.com/protocols/1/01/01/dna-ligation-with-t4-dna-ligase-m0202
2. Fast-Link™ DNA Ligation Kit (Epicentre, LK0750H)
http://www.epibio.com/docs/default-source/protocols/fast-link-dna-ligationkits.pdf?sfvrsn=6
3. Transformation
High Efficiency Transformation Protocol (C2987H/C2987I)
https://www.neb.com/protocols/1/01/01/high-efficiency-transformation-protocol-c2987
3. Hi-Speed Mini Plasmid Kit – 300 Preps
https://www.ibisci.com/product/ib47102-hi-speed-mini-prep-kit-300-preps
4. Midi- and Maxi-preps
https://www.qiagen.com/us/resources/resourcedetail?id=c164c4ce-3d6a-4d18-91c4f5763b6d4283&lang=en
5. Genome extraction of silkworm moths (Insect DNA Kit)
http://omegabiotek.com/store/wp-content/uploads/2013/04/D0926-Insect-DNA-KitCombo-Omega.pdf
6. Gel extraction kit
https://www.qiagen.com/us/shop/sample-technologies/dna/qiaquick-gel-extraction-kit
7. PCR Purification Kit
https://www.qiagen.com/us/shop/sample-technologies/dna/qiaquick-pcr-purification-kit
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8. PCR protocols
1). GoTaq® Green Master Mix (2X)
https://www.promega.com/resources/protocols/product-information-sheets/g/gotaq-greenmaster-mix-m712-protocol/
2). Thermo scientific PCR Master Mix (2X)
https://tools.thermofisher.com/content/sfs/manuals/MAN0012622_PCR_Master_2X_K01
71_UG.pdf
3). PCR Using NEBNext® High-Fidelity 2X PCR Master Mix (M0541)
https://www.neb.com/protocols/2012/08/29/pcr-using-nebnext-high-fidelity-2x-pcrmaster-mix-m0541
9. DNA Purification from Cultured Cells
https://www.qiagen.com/kr/shop/sample-technologies/dna/dna-preparation/gentrapuregene-cell-kit
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